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PREFACE 


This  study  wss  conducted  and  report  prepared  by  the  Douglas 
Aircrsft  Company,  a Division  of  McDonnell  Douglas  Corporation, 
under  a contract  for  the  Federal  Aviation  Administration  of 
the  Department  of  Transportation,  The  effort  is  part  of  a 
study  for  the  improvement  of  aircraft  tire  operational  safety. 
Technical  monitor  for  Federal  Aviation  Administration  was 
Mr.  Robert  C.  McGuire,  FAA  Program  Manager.  A number  of 
airlines  cooperatively  supplied  valuable  tire  failure  and 
related  airframe  damage  cost  data  which  made  the  tire  pressure 
system  cost-effectiveness  study  possible.  Many  actual  and 
potential  suppliers  of  tire  pressure  indicating  systems  and 
devices  cooperatively  supplied  concepts  and  ideas  presented 
in  the  study. 
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I INTRODUCTION 

The  purpose  of  this  study  is  to  evaluate  airborne  tire 
pressure  indicating  systems  and  devices  as  a potentially  cost 
effective  means  of  minimizing  premature  tire  removals,  and 
tire  failures  and  attendant  aircraft  damage,  on  air  carrier 
jet  transports.  Both  wheel  mounted  devices  such  as  fill 
valve/pressure  gauges  and  cockpit  indicating  tire  pressure 
systems  are  investigated. 

Despite  aircraft  and  aircraft  tire  manufacturers 
recommendation  to  check  aircraft  tire  pressures  daily  for 
optimum  tire  maintenance,  this  may  not  always  be  possible. 
Aircraft  tires,  however,  require  frequent  maintenance 
attention.  It  is  known  that  any  aircraft  tire  may  lose  up  to 
5 percent  of  its  inflation  pressure  in  any  24-hour  period. 
Consequently,  the  chances  of  any  tire  becoming  underinf lated 
is  significant. 

However,  the  probability  is  not  without  cause;  for  example 
due  to  a particular  airline  route  structure  difficulty  may  be 
experienced  in  performing  daily  tire  pressure  checks  or 
aircraft  may  return  to  a primary  maintenance  facility  only 
once  every  two  to  three  days.  Also,  inclement  weather 
increases  the  difficulty  in  performing  timely  tire  pressure 
checks  particularly  on  an  18-wheeled  airplane. 


I 


Increased  awareness  of  the  importance  of  good  tire 
maintenance  has  produced  tighter  maintenance  practices  with 
attendant  improvements  in  tire  failure  rates.  The  use  of  a 
tire  pressure  indicating  (TPI)  system  or  device,  however,  can 
facilitate  tire  pressure  checks  and  could  be  an  effective 
means  of  reducing  costs  and  improving  operational  tire 
safety. 

The  intent  of  the  TPI  system  is  obviously  to  advise  or  warn 
of  low  pressure  that  occurs  after  pushback  or  taxi-out  or 
takeoff  roll.  With  this  warning  the  maintenance  and/or 
flight  crew  can  take  whatever  corrective  action  is  necessary 
to  prevent  the  possible  consequences  of  an  underinf lated 
tire,  namely  a tire  failure  and  possible  aircraft  damage. 
With  this  in  mind,  it  then  becomes  necessary  to  define  what  a 
tire  failure  is,  the  cause  of  tire  failures  and  the 
consequences  of  those  tire  failures  in  terms  of  cost  and 
increased  hazard  exposure.  Tire  pressure  indicating  devices 
and  systems  are  discussed  and  evaluated  in  the  body  of  the 
report  and  tire  failure  data  and  damage  costs  are  summarized 
in  Appendix  A.  Applicability  of  TPI  systems  and  analysis  of 
cost  of  tire  failures  has  been  examined  for  the  DC-8,  DC-9, 
DC-10,  B-707,  B - 72  7 , B-737,  B-747  and  L1011  aircraft. 


The  purpose  of  the  wheel  mounted  gauge  is  to  facilitate  tire 
pressure  checks  by  maintenance  and  by  the  flight  crew  on  walk 


arounds  so  that  underinflated  tires  may  be  more  readily 
detected  at  the  ramp. 

The  potential  utility  of  a cockpit  tire  pressure  indicating 
system  can  be  appreciated  by  reviewing  typical  incidents  that 
have  occurred  on  some  major  commercial  transports.  These 
incidents  typically  involve  loss  of  pressure  in  one  tire 
early  during  the  taxi  roll  due  to  a tire  or  wheel  failure  or 
foreign  object  damage  such  as  running  over  a light  standard 
when  turning  onto  the  runway.  This  early  failure  is 
undetected  by  the  flight  crew  and  the  takeoff  is  continued 
until  the  overloaded  mated  tire  fails  and  the  takeoff  is 
aborted  at  high  speed  with  significant  damage  to  the  aircraft 
and  risk  to  the  passengers.  An  early  warning  to  the  flight 
crew  of  the  first  tire  failure  may  have  avoided  the 
associated  damage  or  greatly  reduced  the  damage  and  the  risk 
to  aircraft  and  passengers.  The  cost  and  additional 
complexity  of  systems  that  can  accurately  read  actual  tire 
pressure  may  be  further  justified  if  they  become  the  accepted 
means  of  performing  tire  pressure  checks. 
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II.  TIRE  PRESSURE  INDICATING  DEVICES  AND  SYSTEM  CONCEPTS 


A.  INTRODUCTION 


First,  the  design  criteria  for  wheel  mounted  gauges  and 
devices  will  be  discussed  with  available  units  described. 
Two  fill  valve  gauges  and  one  wheel  mounted  pressure  switch 
with  hand  held  interrogator  that  have  been  specifically 
designed  for  aircraft  are  described  with  tradeoffs  and 
comments  on  service  experience  included. 

Next,  cockpit  tire  pressure  indicating  system  design  criteria 
is  discussed  with  emphasis  on  the  importance  of  eliminating 
all  possible  false  low  tire  warnings  on  takeoff  roll.  The 
system  concepts,  very  few  of  which  are  currently  available 
for  aircraft  off-the-shelf,  are  discussed  by  major  category. 
Eleven  systems  were  included  in  the  study  after  reviewing 
over  twenty  concepts.  The  major  categories  include: 

1.  Direct  Pressure  Sensing  Concepts 

a)  Analog  Pressure  Sensing 

Systems  which  can  measure  and  optionally  display  actual  tire 
pressure  in  the  cockpit  via  some  form  of  axle  coupler  that 
allows  reading  of  tire  pressures  with  the  aircraft  in  all 
flight  and  ground  conditions; 

b)  Discrete  Pressure  Sensing 

Systems  which  provide  go-no-go  type  indication  using  wheel 
mounted  pressure  switches  coupling  via  a magnetic  circuit 
that  interrogates  switch  position  once  every  wheel 
revolution;  and 

c)  Ultrasonic  or  RF  Transmission 

Systems  which  provide  discrete  go-no-go  indication  of  a low 
tire  via  radio  frequency  or  ultrasonic  transmission  (although 
no  supplier  ultimately  proposed  such  a system  for  aircraft 
the  general  concept  will  be  discussed). 

2.  Indirect  Low  Tire  Sensing  Concepts  (Go-No-Go) 

a)  Systems  using  Bogie  Strain  via  weight  and 
balance  type  systems  to  indirectly  detect  low  tire  pressure; 

b)  Mechanical  approaches  that  attempt  to  use 
axle  height  or  bogie  tilt  to  detect  substantially 
underinflated  tires  (although  potentially  simple,  no 
discussion  was  included  as  no  feasible  concepts  were 
discovered),  and 
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c)  A system  which  proposes  to  use 
differential  anti-skid  wheel  speed  to  detect  changes  in 
rolling  radius  between  two  tires  on  the  same  gear  when  one 
becomes  underinf lated . 

In  virtually  all  cases  the  concepts  are  proprietary  or  have 
proprietary  features  which  are  the  property  of  the  particular 
supplier.  To  protect  these  proprietary  rights  only  that 
information  which  is  generally  public  knowledge  is  described 
in  this  report.  Many  of  the  concepts  are  covered  by  patent 
or  patent  disclosures.  Further,  each  system  has  a code  or 
concept  letter  which  is  used  throughout  to  avoid  implication 
of  ranking  of  a specific  manufacturer's  design  concept.  The 
airline  or  airframe  manufacturer  using  this  report  should, 
therefore,  find  it  useful  as  a general  guide  on  the  pros  and 

Icons  of  general  design  concepts  when  considering  or 
evaluating  a specific  device  or  system  for  their  fleet. 

B.  DESIGN  CONCEPTS  - TIRE  PRESSURE  INDICATING 
SYSTEMS/DEVICES  ' 

I.  Wheel  mounted  fill  valve/gauge  and  devices  - 
General  Design  Criteria. 

The  following  design  requirements  are  general  guidelines  that 
may  be  useful  in  the  selection  of  gauges,  switches  or 
transducers  that  may  be  mounted  on  an  aircraft  wheel. 
Specific  values  may  be  altered  based  on  a particular  users 
experience.  The  criteria  presented  is  specifically  for  a 
fill  valve/gauge. 

OPERATION 

The  article  shall  provide  a valve  port  to  allow  tire 
inflation  and  an  integral  gauge  to  continuously  display  the 
inflation  pressure. 

INFLATION  MEDIUM 

The  article  shall  be  suitable  for  service  with  dry  nitrogen 
or  air. 

PRESSURES 

The  article  shall  be  designed  for  690  psig  burst  pressure  and 
460  psig  proof  pressure  based  on  a nominal  inflation  pressure 
of  170  to  180  psig. 

OPERATING  RANGE 

The  operating  range  of  the  pressure  gauge  shall  be  100  psig 
to  300  psig.  Pointer  direction  for  increasing  pressure  shall 
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be  clockwise  or  left  to  right.  Cauge  pointer  shall  have 
mechanical  restraint  above  300  psig. 

OPERATING  TEMPERATURES 

The  article  shall  be  designed  to  withstand  -65  degrees  F to 
+300  degrees  F operating  temperatures. 

SCALE  ERRORS 

The  scale  error  from  +40  degrees  F to  +120  degrees  F shall 
not  exceed  + 4 psig  at  the  200  psig  set  point  and  otherwise 
as  shown  in  Figure  1. 


TORQUE  REQUIREMENTS 

The  article  shall  be  torqued  to  a maximum  of  200  lb-in  on 
installation  and  shall  not  yield  or  deform  with  300  lb-in 
torque . 

GAUGE  RESPONSE 

Gauge  pointer  shall  instantaneously  respond  to  increases  or 
decreases  in  pressure  due  to  filling  and  fluctuations  in  tire 
pressures. 

GAUGE  FACE 

The  pointer  position  shall  be  legible  at  a distance  of  at 
least  two  feet.  As  a design  objective,  the  circular  scale 
shall  cover  at  least  3/4  of  the  gauge  circumference.  Gauge 
face  will  be  mechanically  pinned  to  case  to  prevent  movement. 
Gauge  face  may  be  color  coded  with  acceptable  pressure  bands, 
refill  and  replace  bands  or  may  be  plain  so  that  gauge  may  be 
used  interchangeably  on  nose  and  main  gear  tires  on  the  same 
aircraft  and  on  different  aircraft. 

FAIL  SAFE  LEAKAGE 

With  the  pressure  sensing  device  fractured,  after  one  minute 
the  pressure  loss  should  be  no  more  than  5 psi  per  hour  from 
a 5.24  cubic  foot  or  larger  tire  reservoir  pressurized  to  200 
psig. 

GAUCE  CRYSTAL 

Gauge  crystal  shall  be  sealed  to  prevent  moisture,  dust  and 
fluid  from  obscuring  the  face.  Shock  loads  shall  not  damage 
seal  interface.  Gauge  crystal  shall  be  transparent  and 
impact  resistant  material  which  is  resistant  to  commercial 
aircraft  cleaning  solvents,  aircraft  hydraulic  fluid,  and 
MIL-H-5606  hydraulic  oil.  Gauge  crystal,  and  vent  seal 
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FIGURE  1.  TOLERANCE  SPECIFICATIONS.  WHEEL-MOUNTED 
FILL/VALVE  GAGE 


material,  if  used,  should  be  approved  by  the  aircraft 
manufacturer. 


INSIDE  DIAMETER  OF  FILL  VALVE 

Gauge  mechanism  shall  not  infringe  on  valve  core  thread 
diameter  for  full  length  of  fill  valve. 

INSTALLATION  POSITION 


The  article  shall  be  capable  of  installation  in  any  position, 
and  pointer  indication  shall  not  exceed  the  tolerance 
specified  in  Figure  1. 


SHOCK  LOADS 


The  article  shall  be  capable  of  withstanding  lOOg  in  each  of 
the  three  mutually  perpendicular  planes  in  a positive  and 
negative  direction  for  a time  duration  of  11  milliseconds, 
and  shall  reach  that  level  in  5.5  milliseconds  + 1 ms.  for  a 
total  of  18  shocks. 


RESONANCE  FREQUENCIES  AND  VIBRATION 

Resonances  must  be  greater  than  24  Hz 

The  article  shall  be  capable  of  withstanding: 

5 to  31.3  Hz  .4  double  amplitude,  inches 

31.3  to  51  Hz  20g  acceleration 

51  to  81  Hz  .15  double  amplitude,  inches 

81  to  1,000  Hz  + 50g  acceleration 

ACCELERATION 

The  article  shall  be  capable  of  withstanding  accelerations 
per  MIL-G-83016  except  acceleration  is  l,000g  instead  of 
3,000g,  temperature  is  300  degrees  F instead  of  360  degrees 
F,  and  pressure  is  460  psig  instead  of  550  psig. 


Concept  A - Tire  fill  valve/gauge  specifically  designed  for 
aircraf  t : These  gauges  are  designed  with  a multi-turn 
helical  Bourdon  coil  as  a pressure  sensing  device.  The 
indicating  pointer  is  attached  directly  to  the  end  of  the 
coil  resulting  in  a gauge  with  only  one  moving  part.  This 
construction  eliminates  all  linkages,  gears,  return  springs 
and  other  parts  subject  to  wear  found  in  the  conventional  C 
tube  pressure  gauges  thus  improving  its  ability  to  resist 


wear  and  damage  from  vibration  and  shock  over  longer  periods 
of  usage. 

The  helical  Bourdon  coil  has  a nominal  overpressure  factor  of 
1-1/2  times  pressure  range.  Hysteresis  and  friction  are 
virtually  eliminated.  Proportioning  the  Bourdon  coil  by 
using  the  multi-turn  helix  results  in  the  reduction  of 
stresses  to  give  extremely  long  cycle  life  and  enables  the 
gauge  to  retain  its  accuracy  during  normal  usage. 

The  gauge  and  the  fill  valve  are  combined  into  one  assembly 
and  this  unit  is  mounted  on  the  wheel  in  the  port  provided 
for  the  existing  fill  valve.  The  physical  dimensions  of  the 
gauge  are  such  that  the  unit  is  within  the  wheel 
configuration  and  will  not  interfere  with  existing  structures 
when  the  wheel  is  retracted. 


The  actual  gauge  is  shown  in  Figure  2 in  one  version 
developed  for  an  airline  that  desired  color  banding.  The 
manufacturers  gauge  design  has  been  service  evaluated  on  Navy 
F4's  and  by  a number  of  major  airlines  with  at  least  one 
airline  already  having  retrofitted  their  fleet  of  747's  and 
DC-10's.  The  gauges  have  been  reported  to  be  working 
satisfactorily  and  have  provided  valid  tire  removal  warnings 
in  early  service.  Once  sufficient  service  experience  has 
been  gained  the  airline  may  eliminate  the  requirement  to 
cross  check  pressures  with  hand  held  gauges  to  take  advantage 
of  the  maintenance  cost  savings  from  reduced  tire  pressure 
check  times  (see  cost  effectiveness  section). 


Concept  B - an  integral  tire  fill  valve /gauge : Specifically 
designed  for  aircraft  from  another  manufacturer.  This  gauge 
offers  a different  gauge  face  arrangement  with  the  fill  valve 
offset  from  the  center  of  the  gauge.  The  construction  of  the 
gauge  is  similar  in  that  it  is  a helically  wound  Bourdon  tube 
sealed  at  one  end  with  the  pointer  firmly  attached  and  the 
other  end  open  to  the  pressure  source.  When  pressure  is 
applied,  the  Bourdon  tube  tends  to  unwind.  The  configuration 
of  the  tube  --  number  of  turns,  diameter,  tube  shape  — is 
such  that  response  to  the  pressure  change  within  the  tube  is 
of  sufficient  magnitude  that  the  pointer  will  be  deflected 
directly  without  intervening  devices.  Thus,  a pressure  gauge 
with  one  moving  part  and  no  friction  surfaces  is  achieved. 
The  Bourdon  tube  of  the  sensor  is  made  of  Inconel  X-750  for 
exceptional  temperature,  physical  and  chemical  stability. 


In  addition  to  the  features  claimed  by  the  manufacturer  which 
include  high  reliability,  rugged  construction,  retention  of 
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calibration  with  1502  overpressure,  and  high  burst  pressure 
the  main  advantage  claimed  is  readability.  The  desigu  of  the 
gauge  allows  the  viewer  to  readily  determine  the  tire 
pressure  with  a quick  glance.  This  feature  is  incorporated 
by  having  the  air  fill  valve  stem  offset  to  one  side  of  the 
dial  face,  thereby  not  obstructing  the  viewability  of  the 
pointer  to  the  dial  face.  The  pressure  indicating  pointer 
pivot  point  is  located  in  the  center  of  the  gauge.  A picture 
of  this  gauge  is  shown  in  Figure  3.  Although  this  specific 
gauge  is  not  believed  to  have  been  service  tested  to  date  it 
is  being  qualified  by  at  least  one  major  airframe 
manufacturer. 


The  wheel-mounted  pressure  sensor  and  transponder  is  a 
standard  valve  stem  modified  by  the  addition  of  a reference 
chamber  containing  a pressure  switch,  two  diodes  and  a coil. 


The  pressure  switch  consists  of  a miniature  snap  action 
microswitch  activated  by  a pressure  sensitive  nesting  ripple 
type  bellows  formed  in  such  a way  that  it  will  have  large 
deflections  under  the  influence  of  a small  pressure 
differential  applied. 


The  switch  point  is  preset  anywhere  between  50  and  500  psi  at 
the  factory  by  precharging  the  sensor  reference  chamber  with 
dry  nitrogen  and  sealing  the  chamber.  This  method  corrects 
for  temperature  induced  changes  in  pressure  (temperature 
compensated ) . 

The  hand-held  battery-powered  interrogator  and  "LOW/SAFE" 
indicator  contains  all  the  electronic  circuits  necessary  to 
interrogate  the  sensor  and  display  the  information  received 
from  the  sensor.  The  red  color  light  on  the  interrogator 
stands  for  "low"  and  the  green  color  light  stands  for  "safe" 
or  normal  tire  pressure. 

Two  coils  are  located  in  the  interrogator  head.  One  is  a 
transmitting  coil  and  is  excited  with  a high  frequency 
carrier  modulated  by  a low  frequency  reference  signal.  By 
coupling  a third  coil  (located  in  the  pressure  sensor)  to  the 
coils  in  the  interrogator  unit,  and  shunting  it  with  a diode, 
a signal  at  modulation  frequency  results  in  the  receiver 
coll.  If  the  diode  polarity  is  reversed,  the  phase  polarity 
of  the  signal  in  the  receiving  coil  is  reversed.  This  is 
essentially  the  function  of  the  pressure  sensor.  The 
detector  is  arranged  such  that  with  zero  input,  both  lamps 


are  off.  Input  polarity  determines  which  lamp  turns  on,  the 
green  for  go  and  the  red  for  no-go.  The  equipment  is  shown 
in  Figure  4. 

The  manufacturer  of  this  concept  has  hardware  virtually 
available  off-the-shelf.  Although  the  hardware  has  been 
evaluated  by  several  airlines,  it  is  believed  that  there  has, 
to  date,  been  no  service  experience  accumulated.  One 
operator  with  a large  fleet  of  narrow  body  twin  jets  has  been 
considering  fitting  their  fleet  with  the  system  and  placing 
the  interrogator  in  the  cockpit  for  flight  crew  use  on  walk 
around. 
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FIGURE  3.  WHEEL  MOUNTED  FILL  VALVE/TIRE  PRESSURE  GAGE 
CONCEPT  B 


HAND-HELD  INTERROGATOR/INDICATOR  SCANNING  UNIT  ACTUAL  SIZE 
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FIGURE  2.  SYSTEM  BLOCK  DIAGRAM 


Scanning  Interrogator  is  powered  by  one 

Rechargeable  Nickel  Cadmium  Battery 

capable  of  14,400  2-second  interrogations  per  charge. 


FIGURE  4.  FILL  VALVE  PRESSURE  SWITCH  WITH  HAND-HELD  INTERROGATOR 
CONCEPT  C 
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Candidate  C o c kpit  Indication  Systems  - General 


The  contract  statement  of  work  which  established  the 
requirements  for  this  report  stated  that  "TPI  systems  shall 
be  designed  so  that  failure  of  the  TPI  system  shall  not 
compromise  the  safety  of  a parent  system  nor  result  in  false 
pressure  Indications  which  would  require  a scheduled  flight 
to  be  aborted . " 


This  obviously  would  appear  to  be  a valuable  design  criteria 
since  false  warnings  that  cause  an  aborted  takeoff  can  be 
costly  and  hazardous.  A system  that  is  designed  to  reduce 
hazards  by  providing  an  early  warning  of  an  impending  tire 
problem  should  not  actually  Increase  exposure  to  hazardous 
aborts  by  giving  false  warnings. 


Before  this  was  accepted  as  an  absolute  design  criteria,  the 
situation  was  discussed  with  pilots  and  airline  personnel 
involved  in  the  selection  of  such  a system.  Virtually  100% 
of  the  pilots  and  potential  airline  users  contacted 
(approximately  30  individuals  total)  listed  as  their  most 
important  concern  about  a cockpit  Indicating  TPI  system  was 
that  it  give  reliable  and  accurate  indications  free  from 
false  warnings.  In  most  cases,  this  was  vehemently 
expressed. 


Therefore,  the  main  design  criteria  by  which  all  systems  are 
judged  in  this  report,  is  their  ability  to  operate  100%  free 
from  false  warnings.  In  other  words  a cockpit  indicating 
system  shall  be  able  to  always  differentiate  between  an 
actual  low  pressure  tire  and  a tire  that  merely  appears  to  be 
low  through  a system  fault.  The  reliability  analysis  and  the 
tradeoff  study  in  this  report  will  comment  further  on  the 
ability  of  the  systems  to  meet  this  criteria. 


Although,  it  may  be  argued  that  the  high  reliability  of  a 
particular  design  or  the  short  exposure  period  on  takeoff 
roll  makes  the  probability  of  false  or  passive  failures 


The  environmental  design  requirements  outlined  in  paragraph 
II  B1  above  for  fill  valve  gauges  apply  to  any  component 
mounted  on  a wheel  for  tire  pressure  detection  such  as 
pressure  transducers  that  may  be  used  in  a cockpit  Indicating 
system.  There  are,  however,  additional  criteria  that  apply 
to  cockpit  indicating  systems  which  are  very  important. 


The  second  design  criteria,  and  only  slightly  less  important, 
is  that  the  TPI  system  should  be  capable  of  detecting  its  own 
passive  failures  that  would  cause  it  to  fall  to  properly 
indicate  a low  tire.  The  estimated  ability  of  each  system  to 
meet  this  criteria  is  also  discussed  in  the  Reliability 
section. 


remote  still  it  is  believed  that  approaching  the  design  from 
the  viewpoint  of  allowing  no  false  warning  and  undetected 
passive  failures  will  ultimately  produce  a system  that  most 
closely  meets  this  objective.  Further,  it  is  not  believed 
that  the  imposition  of  this  criteria  would  unfairly  eliminate 
less  expensive  or  simpler  approaches  to  TPI.  All  serious 
proposals  for  aircraft  systems  have  been  included  in  this 
study  with  comments  made  on  the  ability  of  the  various 
systems  to  meet  this  criteria. 

a.  Direct  Pressure  Sensing  Concepts 

1.  Analog  tire  pressure  detection 


Concept  D - Tire  Condition  Sensor  (Analog  Pressure  Indication 
- Cockpit ) 


The  first  concept  in  the  category  of  systems  which  detect 
actual  tire  pressure  is  based  on  two  building  blocks: 

o Pressure  Transducers  Which  Pick  Up  Tire  Data 

o A Microprocessor  Which  Controls,  Processes 
and  Displays  This  Data 

The  transducers  receive  power  and  transmit  their  signals  back 
through  an  inductive  coupling  - concentric  coils  - to  the 
processing  and  display  unit.  This  unit  contains  the 
microprocesser  which  controls  the  display  to  the  crew. 

A pre-determined , inflexible  hi-lo  limit  can  be  set  so  that 
all  tire  pressures  are  checked  to  see  if  they  exceed  these 
limits  and  a go/no-go  message  could  be  displayed  to  the 
crew.  While  this  method  is  simple  and  straight  forward,  it 
has  some  drawbacks.  It  ignores  temperature  entirely,  which 
has  an  influence  on  pressure. 

One  way  of  taking  temperature  into  consideration,  although 
indirectly,  is  to  take  all  tire  pressures,  average  them  and 
compare  each  tire  and  see  if  they  all  fall  in  a pre- 
determined band  around  this  average.  If  any  tire  or  tires 
fall  outside  the  band  and/or  if  any  tire  is  outside  of  the 
absolute  hi  and  low,  a warning  would  be  displayed  to  the 


Besides  being  able  to  identify  system  failures  the  system  can 
also  be  programmed  so  that  upon  command  it  would  identify 
each  tire  with  the  actual  numerical  value  of  the  pressure  in 
that  tire.  This,  coupled  with  a remote  controller  plugged  in 
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at  a connect  point  in  a wheel  well  can  aid  ground  service 
personnel  in  tire  pressure  inspection  and  maintenance.  This 
remote  controller  could  include  a printer  that  would  furnish 
a hard  copy  of  the  tire  pressures  for  record  keeping. 

The  system  can  be  programmed  to  check  all  tires  and 
automatically  stop  or  automatically  scan  all  tires  over  and 
over  until  manually  stopped. 

Since  the  system  is  very  flexible,  a number  of  display 
configurations  and  modes  are  possible. 

For  the  cycle  and  stop  mode,  the  display  could  range  from 
simple  warning  lights  to  alphanumeric  indicators  pinpointing 
mis-inflated  tires,  actual  pressures  and  so  on.  The  latter 
might  look  like  Figure  5.  When  the  read  button  is  pressed, 
the  system  display  would  show  "88"  to  test  all  display  light 
segments.  Shortly  after  it  would  display  "GO"  if  all  tires 
were  properly  inflated.  If  a low  tire  was  detected  the 
display  would  show  the  tire  number.  If  there  is  more  than 
one  mis-serviced  tire,  every  time  the  read  button  is  pressed, 
the  next  bad  tire  number  would  be  displayed. 

When  all  tires  have  been  checked,  the  end  of  check  message 
"EE"  would  show  and  the  system  could  be  turned  off  by 
pressing  the  read  button  one  last  time.  If  all  tires  are 
good  the  display  would  show  "GO." 

The  system  has  a self  check  capability  and  will  warn  the 
operator  of  two  kinds  of  failure. 

1.  System  failure.  An  "FF"  will  be  displayed  after  "88" 
when  read  button  is  pressed.  This  will  indicate  a 
malfunction  in  the  computer  rendering  the  whole  system 
inoperative . 

2.  Wheel  component  failure.  An  "F"  plus  the  wheel  number 
will  be  displayed.  For  example,  "F13"  indicating  that  no 
information  can  be  obtained  from  tire  No.  13  due  to  a 
component  malfunction  in  that  particular  wheel. 

Concept  D has  been  developed  and  bench  tested.  Aircraft 
testing  is  planned  but  at  this  point  not  yet  accomplished. 


FIGURE  5.  PROPOSED  COCKPIT  SYSTEM  DISPLAY  INDICATOR  (CONCEPT  D) 
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Concept  E - Tire  Pressure  Indicating  system  (Analog  Pressure 
- Cockpit) 


The  second  direct  tire  pressure  reading  system  is  designed  to 
measure  and  display  the  tire  inflation  pressure  and/or  any 
measurable  wheel  or  tire  parameter.  These  parameters  may  be 
measured  and  displayed  whether  the  wheel  is  rotating  or 
stationary . 


The  system  is  comprised  of  five  elements:  (Figure  6) 


1.  Miniature  Pressure  Transducer 

2.  Data  Package 

3.  Rotating  Magnetic  Slip  Ring 

4.  Data  Reduction  and  Multiplex  Unit 

5.  Cockpit  Display  Unit 


1 per  wheel 
1 per  wheel 
1 per  wheel 
1 per  aircraft 
1 per  aircraft 


The  pressure  transducer  mounted  in  the  tire  inflation  valve 
assembly,  or  overfill  valve  assembly,  senses  the  inflation 
pressure,  producing  a 6-bit  binary  word  once  every  100  msec. 
This  permits  measurement  of  the  pressure  to  the  nearest  2 psi 
or  better,  assuming  a maximum  pressure  of  250  psi. 


At  the  data  reduction  unit,  the  individual  tire  inflation 
pressures  can  be  compared  to  other  tire  measured  pressures, 
as  well  as  compared  to  pressures  stored  in  preprogrammed 
memory . 

One  of  the  areas  of  concern  is  presenting  a false  pressure 
reading  which  would  result  in  an  unwarranted  and  costly  abort 
or  turnaround.  This  can  be  minimized  as  follows: 


RING 


FIGURE  6.  ACTUAL  TIRE  PRESSURE  INDICATING  SYSTEM  (CONCEPT  E) 


1.  Add  hi-lo's  plus  parity  bits  to  the  basic  ^*bit  word. 
These  bits  would  verify  the  integrity  of  the  system, 
including  the  pressure  transducer,  since  extreme  bridge 
unbalance  (due  to  opens  or  shorts)  would  add  extreme  readings 
and  failure  of  the  A-D  (Analog  to  Ditigal  converter)  would 
negate  the  parity  bits. 

2.  Secondly,  comparison  between  adjacent  and  other  aircraft 
wheels  would  permit  flight  engineer's  analysis  based  on 

pressure  and  temperature.  Thus,  false  data  due  to  system 
malfunction  can  be  easily  determined. 

A typical  hubcap  axle  - mounted  magnetic  slip  ring  unit  is 
shown  in  Figure  7.  This  design  is  based  on  mounting  the 
coaxial  transformer  at  the  anti-skid  transducer  drive 
interface.  In  this  case,  the  rotating  coil  is  assembled  to 
the  bellows  drive;  and  the  nonrotating  coil  is  assembled  and 
concentrically  registered  to  the  anti-skid  transducer. 

This  system  is  in  the  conceptual  stage  of  development  with 
only  the  transformer/coupler  actually  bench  tested. 


Concept  F - Linear  Variable  Differential  Transformer  (LVDT) 
System  (Analog  Pressure  - Cockpit) 

This  system  provides  a direct  linear  readout  of  aircraft  tire 
pressure.  Once  the  tire  pressure  signal  is  obtained,  it  is 
transferred  across  the  interface  between  the  rotating  tire 
and  wheel  and  the  landing  gear.  The  concept  recommended 
involves  a stainless  steel  bellows  mounted  in  the  hubcap  as  a 
device  for  translating  tire  pressure  into  linear  motion  and  a 
linear  variable  differential  transformer  (LVDT)  to  convert 
the  linear  motion  into  equivalent  electrical  signals  usable 
for  driving  the  cockpit  display.  The  coil  assembly  of  the 
LVDT  is  fastened  to  the  face  of  the  existing  wheel  speed 
transducer  mounted  in  each  axle  with  the  shaft  of  the  LVDT 
mounted  to  the  bellows  on  the  hub  cap.  The  system  can  read 
pressure  with  the  aircraft  moving  or  stationary.  The  wheel 
hardware  is  shown  conceptually  in  Figure  8 which  shows  the 
air  passage  required  to  bring  tire  air  from  the  wheel  into 
the  hub  area.  The  valve  arrangement  shown  on  the  hub  cap  is 
needed  to  seal  the  tire  cavity  when  the  hub  cap  is  removed. 
When  the  cap  is  replaced  the  valve  is  opened  to  allow  tire 
air  to  enter  the  hub  mounted  bellows. 

An  alternate  to  this  concept  has  been  proposed  by  the  same 
manufacturer  that  replaces  the  LVDT  with  a bellows  driven 
thrust  bearing  that  bears  on  a load  cell  mounted  on  the  face 
of  the  anti-skid  transducer.  Both  of  these  approaches  are  in 


the  conceptual  stage  of  development.  This  concept  could  also 
be  applied  to  aircraft  not  fitted  with  an  antiskid  system  but 
all  the  study  aircraft  do  have  antiskid  systems. 


Concept  G - Tire  Pressure  Indicating  System  via  Slip  Rings 
(Analog  Pressure  - Cockpit) 

The  system  designed  for  large  commercial  aircraft,  consists 
of  tire  pressure  transducers,  a wheel/axle  positive  contact 
signal  coupler,  a microprocessor  controlled  computer,  and  a 
display  panel  output.  The  axle  coupler  provides  a method  for 
positive  and  direct  transferal  of  signal  data  from  the 
transducer  to  the  TPI  computer.  This  is  accomplished  through 
a special  slip  ring  assembly.  The  TPI  computer  will  be 
housed  in  a standard  ATR  short  box  which  will  be 
environmentally  sealed. 

A "tire  pressure  low"  warning  will  occur  whenever  two 
adjacent  tire  pressures  differ  by  approximately  20%  or 
whenever  any  tire  falls  below  a predetermined  fixed  minimum 
warning  threshold.  The  computer  will  incorporate  a failsafe 
system  to  detect  component  failure,  inconsistent  results,  or 
other  types  of  system  malfunctions.  The  overall  system 
accuracy  with  respect  to  warning  thresholds  is  estimated  to 
b e +5  % . 

Selection  of  the  proper  microprocessor  allows  minimum 
hardware  and  minimum  interconnects  for  reliability.  In 
addition,  all  input  and  output  lines  from  the  computer  will 
be  optically  isolated  from  the  environment  so  that  transients 
or  noise  from  the  environment  cannot  affect  the  accuracy  or 
reliability  of  the  system. 


rKM^pf:(F'vf 


(Discrete  P ressu r e - C 


System 


Concept  H - Tire  Deflation  Warning  System 


This  system  is  intended  to  monitor  the  tire  pressure  of  an 
aircraft,  to  detect  if  this  pressure  has  decreased  below  a 
dangerous  value  that  threatens  tire  integrity.  This 
detection  is  performed  by  pressure  switches  mounted  on  the 
wheel  rims  and  which  are  in  motion  with  them  while  the 
aircraft  is  taxiing.  The  data  transmission  between  the 
wheels  in  motion  and  the  fixed  part  of  the  landing  gear  is 
made  by  electro-magnetic  induction.  The  signals  are  treated 
electronically  and  the  warning  signals  are  displayed  on  the 
instrument  panel.  A transmitter-receiver  circuit  observes 
the  magnetic  state  of  the  pressure  switch  circuit  while  the 
aircraft  is  taxiing.  A data  processing  unit  processes  the 
response  signals  delivered  from  the  wheels  and  sends  a 
warning  signal  to  the  cockpit  when  a deflation  is  detected. 
The  aircraft  is  required  to  travel  at  a speed  of  at  least  3 
knots  before  a correct  warning  signal  is  obtained.  Then  the 
system  is  inhibited  when  the  taxi  speed  is  less  than  3 knots 
and  more  than  80  knots,  and  when  the  aircraft  is  airborne. 
Accuracy  of  the  switching  pressure  is  +5%  of  the  pressure. 


INTERROGATION 


4 WIRES 


ANSWER 


TRANSMITTER/RECEIVER  CIRCUIT 


TRANSFER  CIRCUIT 


FIGURE  9.  WHEEL  MOUNTING  CONFIGURATION  (CONCEPT  H) 


The  unit  sensitive  to  the  pressure  is  a pressure  switch  type 
piston-spring.  When  the  tire  pressure  is  above  the  warning 
pressure,  the  spring  is  compressed,  and  an  electrical  contact 
is  established  between  the  piston  and  a set  screw.  When  the 
pressure  in  the  tire  drops  to  the  warning  pressure,  the 
contact  of  the  pressure  switch  opens. 

The  transmitter-receiver  circuit  observes  the  magnetic  state 
of  the  pressure  switch  when  the  aircraft  is  taxiing.  These 
two  circuits  are  opposite  each  other.  Thus  4 wires  are 
required  from  each  stationary  wheel  circuit  to  the  computer. 
The  spacing  between  the  coupler  is  about  10  mm. 

When  a wheel  is  deflated,  the  data  processing  unit  does  not 
receive  any  signals  from  the  corresponding  channel,  and  sends 
a warning  signal  to  the  cockpit  with  a 3 second  delay.  A 
diagram  of  the  coil  installation  is  shown  in  Figure  9. 


Concept  I - Differential  Valve  Discrete  TPI  System  (Discrete 
Pressure  - Cockpit) 

A system  which  could  be  adapted  to  any  aircraft  wheel 
configuration  is  designed  for  sensing  low  tire  pressure  on 
any  aircraft.  It  utilizes  the  differential  valve  as  the 
"brains"  and  the  remaining  tire  pressure  for  the  "muscle"  to 
activate  a warning  signal. 

The  following  numbers  being  each  denoted  a specific  area  on 
Figure  10  will  give  a better  understanding  of  the  system. 

1.  Tire  Pressure  Sensing  Port. 

2.  Differential  Valve  #1  - - replaces  the  normal  serv- 
ice valve  and  is  calibrated  to  activate  when 

i 

routine  service  is  required. 

3.  Indicating  service  valve  cap  - - bright  yellow  pin 
(when  visible)  indicates  air  should  be  added  for 
optimum  tire  pressure. 

4.  Differential  valve  If  2 - - calibrated  to  activate  when 
corrective  action  by  flight  crew  should  be  initiated. 

5.  Air  Passage  - - Pressurized  only  when  differential 
valve  ft  2 is  activated. 

6.  Stainless  Steel  Bellows  - - Extended  when  differ- 
ential valve  ffl  is  activated. 
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7.  Fixed  Contact  - - Communication  with  extended 
bellows  (6)rovides  electrical  ground  path  for 
flight  station  indicator. 

8.  Flight  Station  Indicator. 

A further  refinement  of  this  system  combines  the  two 
differential  valves  into  one  and  adds  a pressure  transducer 
in  passage  #5.  This  transducer  is  connected  only  when  the 
bellows  is  extended  making  slip  ring  contact  across  the  air 
gap.  Thus  the  slip  rings  do  not  have  to  be  in  continuous 
contact  for  wear  and  for  the  short  time  they  are  in  contact, 
contact  forces  can  be  high.  The  transducer  can  then  be  used 
as  a reasonableness  check  to  protect  against  false  warning 
due  to  a failure  of  the  differential  valve. 


Concept  J - Discrete  TPI  System  (Direct  Pressure  - Cockpit) 

The  system,  similar  to  concept  K , has  been  developed  for 
highway  vehicles.  It  consists  of  the  following  components. 

1.  Pressure  Switches  at  the  Tire  Fill  Valves. 

2.  Coupling  Coils  (Rotating  in  Conjunction  with 
Wheels  ) . 

3.  Transmitter /Receiver  Coils. 

4.  A1  Electric  Control  Unit. 

5.  A Warning  Unit  (Indicates  Failures  Optically  and/or 
Aurally ) . 

The  system  requires  the  vehicle  to  be  in  motion  to  function. 
The  first  automatic  check-out  of  the  system  is  the  functional 
check  of  one  wheel  circuit  counter,  output  signal  amplifier 
and  warning  unit.  If  no  component  failure  is  detected  the 
warning  unit  will  Indicate  a "false  failure"  which  will  be 
cancelled  after  the  first  wheel  revolution  is  completed.  The 
system  is  at  fault  if  no  false  warning  is  indicated  prior  to 
the  start  of  wheel  rotation. 

While  the  aircraft  is  rolling  the  tire  pressure  in  each 
individual  wheel  is  continuously  monitored  at  periodic 
intervals.  In  order  to  accomplish  this  task,  the  electronic 
control  unit  delivers  an  AC  output  signal,  which  is 
constantly  present  at  the  transmitter  coil  of  each  wheel.  As 
soon  as  the  coupling  coil  - which  is  attached  to  each  wheel 
and  which  is  part  of  an  independent  electrical  circuit 
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together  with  the  pressure  switch  - is  in  a position  exactly 
the  opposite  to  the  transmitter  coil,  an  inductive  AC  signal 
is  fed  back  through  this  circuit  to  the  electronic  control 
unit  via  the  receiving  coil.  (See  Figure  11). 

This  however  is  true  only  as  long  as  the  tire  pressure  is 
above  nominal  pressure,  thus  keeping  the  pressure  switch 
contact  closed  and  the  coupling  circuit  uninterrupted. 

In  case  of  low  tire  pressure  - with  an  open  pressure  switch 
and  interrupted  coupling  circuit  - there  will  be  no  return 
signal  to  the  electronic  control  unit.  The  unit  will  detect 
the  abnormal  condition  and  immediately  provide  a warning  to 
the  operator. 

The  above  mentioned  check-out  of  each  individual  tire 
pressure  is  constantly  accomplished  by  the  electronic  control 
unit  in  a predetermined  sequence  as  long  as  each  individual 
tire  pressure  is  above  nominal. 

In  order  to  increase  the  system  reliability,  the  electronic 
control  unit  receives  the  return  signals  from  the  wheels  via 
two  separate  channels  for  double-checking  purposes. 


FIGURE  11.  COUPLING  COIL  CIRCUIT  (CONCEPT  J) 
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Concept  K - Discrete  TPI  System  Via  Hub  Mounted  Switches 
(Direct  Pressure  - Cockpit) 

This  system  is  a low  tire  pressure  warning  system  designed  to 
warn  the  driver  of  a highway  vehicle  underinf lated  tire, 
loose  rim,  wheel  or  a hot  bearing. 

The  system  consists  of  a sensitive  pressure  detecting  system 
installed  on  the  hub  of  each  wheel.  This  system  connects  to 
the  valve  stems  of  both  tires  (adapts  to  a single  tire  when 
not  used  on  duals).  The  system  is  preset  for  desired  warning 
pressure  with  a flashing  warning  light.  When  any  tire 
connected  to  the  system  falls  below  the  preset  warning 
pressure  the  flashing  light  is  instantly  activated. 


■JR  CAP 


CONTACT  DISC 
WITH  IHEBM06TAT 


WISH  A SPRING 


CROSS  SECTION  OF  UNIT 
FOR  DUAL  TIRES 


BRUSH  HOLDER 
AXLE  SPINDLE 
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1/8”  All  TBIT 
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DIAGRAM  SHOWS  BRUSH  HOLDER 
BRACKET  MOUNTED  OH  FACE  OF 
HOLLOW  SPINDLE,  SUCH  AS 
PRO-PAR,  PAYMASTER,  TIMKIN, 
AND  SHULER. 
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HOSE  FITTING 
CONNECTS  TO  TIRE 
VALVE  STEM  - 2 


SWITCH  ASSEMBLIES 
INSULATED  FROM 
BODY  CASTING  - 2 

PLUNGER  BUTTONS-2 
SETTING  SPRING  -2 
DEPRESSANT  PINS-2 
SEAL  k RETAINER 

SETTING  SCREWS  -2 


VALVE  STEM  FOR 
INFLATING  TIRES  - 2 


SWITCH  GROUND 
SPRING  -2 


1.  Chamber  # 1 showing  loss  of  air  pressure  with 
switch  activated  providing  ground  through 
the  ground  spring. 

2.  Chamber  0 2 showing  proper  air  pressure  with 
switch  in  normal  position 


FIGURE  12.  HUB-MOUNTED  SWITCH  INSTALLATION  (CONCEPT  K) 
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The  system  Is  equipped  with  thermostats  to  detect  hot 
bearings . 

An  inflating  hose  attached  to  the  air  brake  reservoir 
provides  a simple  tire  inflating  method  on  the  road 
eliminating  the  changing  of  tires  between  terminals  (truck 
installation) . 

The  push  buttons  on  the  unit  serve  a dual  purpose. 

a.  For  Testing  the  System. 

b.  For  Testing  Individual  Tire  Pressure. 

Multiple  warning  lights  can  be  installed  to  pin-point 
malfunctioning  of  tire  or  bearing. 

The  hub  mounted  switches  are  shown  in  Fig.  12. 


3.  Radio  Frequency  (RF)  or  Ultrasonic  Data 
Transmission 


A number  of  potential  suppliers  discussed  this  method  of 
transmitting  tire  pressure  information  from  the  rotating 
wheel  to  the  aircraft.  Due  either  to  the  difficulty  in 
meeting  specific  design  requirements  such  as  failure  mode 
criteria  or  due  to  individual  manufacturers  lack  of  interest 
or  capability  in  aircraft  applications  of  their  concepts  no 
serious  proposals  were  received  utilizing  RF  or  ultrasonic 
data  transmission  techniques. 

A key  problem  with  RF  transmission  is  how  to  power  the 
transmitter.  Obviously  bringing  power  across  the  axle/wheel 
interface  negates  the  value  of  RF  transmission  which 
eliminates  the  need  for  axle  couplers  and  wires  at  each 
wheel.  Batteries  were  proposed  which  would  at  least  have 
sufficient  life  to  require  changing  when  the  tire  was  removed 
for  wear,  if  the  transmitter  was  only  turned  on  by  a pressure 
switch  when  the  tire  got  too  low.  The  problem  here  became  a 
consideration  of  failure  modes.  How  does  the  system  detect 
false  warnings  or  a dead  transmitter?  It  cannot.  Batteries 
are  excellent  for  powering  continuously  operating 
transmitters  if  they  can  be  changed  daily  such  as  in  aircraft 
testing  applications.  This  seemed  unacceptable  for  airline 
operation. 

Other  methods  of  powering  transmitters  were  proposed  such  as 
a generator  built  into  the  wheel  hub  or  a pogo  stick  type 
device  mounted  inside  the  tire  that  would  provide  a small 
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amount  of  power  when  deflected  at  the  bottom  of  each  tire 
revolution.  These  approaches  were  not  seriously  proposed  as 
it  appeared  the  installation  simplicity  of  the  RF  system  was 
being  outweighed  by  added  complexity  of  the  transmitter 
powering  device.  Further  to  get  a round  the  problem  of 
failure  modes  due  to  failures  in  the  transmitter  discrete 
keying  method  multiple  (one  for  each  tire)  transmitters 
continuously  in  contact  with  the  same  number  of  receivers 
began  to  appear  to  be  too  complex. 

The  ultrasonic  method  is  a proprietary  concept  that  allowed  a 
small  amount  of  tire  air  to  be  used  to  blow  an  ultrasonic 
whistle  when  tire  pressure  dropped  below  a certain  point. 
Failure  modes  such  as  a failure  to  actuate  when  a tire  was 
actually  low,  an  actuation  when  the  tire  was  not  low,  a 
failure  to  turn  off  the  whistle  once  started  causing  complete 
tire  deflation,  the  possible  need  to  add  an  accumulator  with 
enough  air  to  blow  the  whistle  when  the  tire  failed 
explosively  and  other  considerations  caused  the  manufacturer 
to  withdraw  this  proposal. 


b.  Indirect  Low  Tire  Pressure  Sensing. 


Concept  L - Weight  and  Balance  Low  Tire  Indication  (Indirect 
Indication  - Cockpit) 


The  weight  and  balance  system  (WBS)  presently  in  service  on 
one  wide  body  aircraft  can  be  utilized  to  sense  a blown  or 
low  pressure  tire  on  the  main  landing  gear.  Additional 
wiring  from  main  landing  gear  junction  boxes  to  the  lower 
electronics  bay  area  would  be  required.  A 1/4  short  ATR  box 
located  in  the  lower  electronics  bay  would  be  required  to 
house  tire  indication  circuitry.  Indication  of  a blown  tire 
is  provided  to  the  master  caution  warning  panel  by  a contact 
closure  to  ground  to  drive  a single  light.  The  warning  light 
is  duplicated  on  a control  panel  at  the  flight  engineers 
station.  Two  additional  lights  to  isolate  the  tire  failure 
to  one  of  the  main  landing  gears  are  also  provided  at  this 
location  along  with  test,  reset,  and  power  pushbutton 
switches . 
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System  Description 

Main  landing  gear.  The  weight  and  balance  system  (WBS) 
transducers  measure  the  shear  deflection  of  the  bogie  beam  or 
axle  between  each  tire  and  the  vertical  strut.  Under  normal 
operating  conditions  each  main  gear  tire  reacts  an 
approximately  equal  amount  of  force  but  there  are  relatively 
small  differences  between  tires.  The  small  differences 
caused  by  uneven  terrain,  friction  in  pitch  pin,  braking,  and 
roll  moments  are  averaged  out  by  installing  four  transducers 
on  the  main  gear,  one  for  each  tire.  A blown  tire  will  cause 
the  forces  to  redistribute  drastically  such  that  the  force  on 
the  blown  tire  becomes  zero  or  nearly  so,  the  force  on  the 
directly  opposite  tire  is  doubled,  the  forces  on  the  other 
two  tires  remain  approximately  the  same.  This  large 
difference  in  forces  allows  a blown  tire  to  be  sensed  with 
ease  if  the  proper  circuitry  is  provided. 

As  the  system  is  now  configured  the  four  transducers  are 
wired  in  parallel  at  the  landing  gear.  The  resultant  output 
to  WBS  computer  is  the  average  vertical  force  on  the  gear. 
Braking  forces  are  cancelled  by  the  forward  and  aft  pair  of 
transducers.  Torsional  forces  are  cancelled  by  the  inboard 
and  outboard  transducers  of  a pair.  A blown  or  low  tire 
indication  must  be  sensed  by  comparing  the  individual  outputs 
then  be  recombined  to  provide  the  extraneous  force 
cancellations  mentioned  above. 

System  Interconnection 

The  four  transducer  signal  pairs  from  each  main  gear  must  be 
routed  to  the  blown  tire  indication  unit. 

After  the  first  tire  blows  out  the  second  tire  expected  to 
blow  would  be  the  one  Just  opposite  which  would  be  carrying 
twice  the  normal  weight.  If  the  transducer  associated  with 
these  two  tires  were  connected  as  a pair,  the  first  blown 
tire  would  cause  an  indication.  If  the  second  tire  blows  the 
forces  redistribute  back  to  normal.  The  reset  button  could 
be  depressed  and  the  blown  tire  indication  could  be  falsely 
deleted.  To  preclude  this  the  diagonal  transducers  are 
connected  as  a pair. 

Nose  Gear  Center  Switch 

An  output  from  the  electronics  unit  is  provided  so  that  when 
the  nose  gear  is  not  centered  the  electronics  unit  will  be 
deactivated.  This  is  done  to  insure  that  there  will  be  no 
false  indication  when  the  aircraft  is  turning. 
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Indicator  Unit 


Two  Indicator  lights,  L.  Main  and  R.  Main  are  all  driven  from 
the  electronics  unit  by  latching  relays.  After  a blown  tire 
is  indicated  the  relays  remain  latched,  even  if  power  is 
temporarily  interrupted,  until  the  reset  button  is  depressed. 
If  the  blown  tire  has  not  been  replaced  and  the  aircraft  is 
not  airborne  the  blown  tire  indication  will  return  after  the 
reset  button  is  released.  While  airborne  depressing  the 
reset  button  would  reset  the  relays  to  their  initial 
condition  and  the  blown  tire  indication  circuits  would  not  be 
activated  again  until  approximately  75%  of  the  basic  or  empty 
weight  was  again  carried  by  the  main  landing  gear. 

0 

The  test  button  is  provided  to  allow  a confidence  check  of 
the  tire  indication  system.  Depressing  the  test  button 
inserts  signals  at  the  input  of  the  signal  conditioning 
circuits  that  simulate  blown  tires  on  the  two  inboard  tires 
of  the  right  main  gear,  and  the  two  inboard  tires  of  the  left 
main  gear.  If  the  electronic  circuits  associated  with  each 
of  these  tires  is  operating  properly  the  two  individual  gear 
lights  will  be  lighted.  The  test  circuit  will  operate  either 
while  airborne  or  while  on  the  ground.  This  test  circuit 
tests  85%  of  the  components  of  the  system.  An  additional 
test  button,  now  provided  only  on  the  electronics  unit  would 
be  required  to  increase  the  component  test  percentage  to  94%. 


Concept  M - Weight  And  Balance 
(Indirect  Indication  - Cockpit) 


Blown  Tire  Indicator 


The  concept  M Blown  Tire  Indicating  system  was  designed  to 
warn  the  crew  that  they  had  a blown  tire  or  deflated  strut  on 
the  B-747.  The  design  of  the  system  takes  advantage  of  the 
existing  weight  & balance  equipment  already  on  the  aircraft. 
The  sensing  technique  operates  on  the  theory  that  if  a tire 
should  blow,  the  transducer  output  related  to  that  wire  would 
decrease.  With  proper  summing  and  comparing  transducer 
outputs  alarm  conditions  can  be  detected.  This  technique  can 
also  be  used  to  detect  a deflated  strut. 


STRUT/TIRE  INDICATOR 
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FIGURE  13.  STRUT/TIRE  INDICATOR  (CONCEPT  M) 
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The  system  consists  of  two  basic  components:  the  channel 
comparator,  and  the  strut/  tire  indicator  (Fig.  13).  In 
addition  to  existing  weight  and  balance  components.  The 
function  of  the  tire  alarm  system,  is  to  receive  signals  from 
the  weight  & balance  aids  output  and  to  provide  an  alarm  when 
the  difference  in  any  pair  of  complementary  channel  signals 
is  greater  than  a predetermined  level.  Two  alarm  levels  are 
provided,  one  for  static  operation,  which  will  allow  closer 
tolerance  alarm  levels,  this  level  is  used  when  the  aircraft 
is  at  rest.  The  second  level  is  used  for  dynamic  operations. 
It  has  a wider  alarm  band  to  allow  for  the  greater  variations 
encountered  when  the  aircraft  is  rolling. 


In  order  to  accomplish  this,  transducer  outputs  in  the  weight 
& balance  system  have  been  rewired.  The  most  desirable 
wiring  method  is  shown  in  Fig.  14.  If  a tire  for  example  #3, 
should  deflate  then  the  transducer  output  related  to  that 
tire  would  decrease  and  then,  because  of  the  bogie  design, 
the  transducer  output  from  3'  would  also  decrease,  while  the 
outputs  from  4 and  4'  would  increase.  The  resulting 
difference  in  outputs  between  channels  3 and  4 would  be 
greater  than  the  normal  operating  difference,  allowing 
electronic  comparator  circuits  to  sense  this  difference  and 
produce  an  alarm.  Similarly,  if  strut  W1  was  deflated, 
outputs  3 and  4 would  be  lower  than  outputs  5 and  6, 
resulting  in  a strut  alarm  condition.  The  system  at  present 
can  detect  a blown  tire  or  deflated  strut  in  either  wing  or 
body  without  distinguishing  between  the  left  or  right  side  of 
the  aircraft. 


FIGURE  14.  PROPOSED  WIRING  METHOD  FOR  THE  WEIGHT  AND 
BALANCE  SYSTEM  (CONCEPT  L) 
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The  strut/tire  indicator  is  housed  in  a separate  case  that 
will  mount  in  the  standard  panel  mount  on  the  engineer's 
panel.  This  panel  contains  lights  that  will  advise  the  crew 
of  the  location  of  a blown  tire  or  deflated  strut  along  with 
a RESET  OFF  and  TEST  switch.  The  RESET  OFF  switch  is  used  to 
disable  the  alarm  in  the  event  of  an  operational  false  alarm 
conditions,  such  as  might  be  created  during  a tight  turn. 
The  OFF  position  (maintained  OFF)  side  of  a switch  breaks  the 
continuity  of  the  +28V  energizing  relays  and  indicator 
lights.  This  would  also  reset  the  alarm  circuit.  A latching 
type  alarm  was  incorporated  in  order  to  sense  two  or  more 
blown  tires,  providing  that  they  do  not  occur  simultaneously 
but  sequentially,  separated  by  two  to  five  seconds  minimum. 
The  alarm  will  see  the  first  blown  tire,  latch  and  remain 
latched  until  the  alarm  condition  is  eliminated  and  the  RESET 
switch  pushed. 

The  TEST  switch  is  used  to  compare  the  signals  of  the 
individual  bogie  or  gear  to  determine  if  the  alarm  system  is 
functioning  properly.  This  approach  was  taken  to  avoid 
possible  errors  caused  by  lateral  unbalance  in  a loaded 
aircraft.  All  alarm  lights  will  come  on  when  either  of  the 
momentary  TEST  switches  are  pushed.  This  alarm  can  be  reset 
by  using  the  reset  switch.  Both  momentary  switches  should  be 
in  the  normal  position  under  standard  operating  conditions. 


Concept  N - VJheel  Speed  Sensing  (Cockpit  Indicating) 

One  manufacturer  has  proposed  a wheel  and  brake  advisory 
system  which  among  other  antiskid  system  and  brake  system 
monitoring  functions  is  designed  to  detect  under inf lated 
tires  when  the  aircraft  is  rolling.  The  system  uses  existing 
antiskid  system  transducers  for  wheel  speed  information  and 
is  claimed  to  be  able  to  reliably  detect  tires  that  are  over 
50%  under  inflated.  The  system  was  originally  developed  for 
the  DC-8  and  has  been  service  tested  in  a version  that  did 
not  offer  the  unde r inf  la t i on  detection  feature.  A later 
version  of  the  system  with  the  unde r inf  1 a t ion / f la t tire 
detection  feature  developed  for  the  B-727  has  been  tested 
outside  of  normal  revenue  service. 

The  system  intended  for  installation  on  board  a B-727  type 
aircraft  was  designed  to  detect  and  indicate  the  following 
condition  of  the  tires,  wheels,  and  brakes. 

a . Tires 

--  Under inf lated  and  blown  tires 

b.  Wheels 
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— Bearing  breakdown,  etc. 
c.  Brakes 

--  Overheated  bound  brakes  at  taxi  out. 

— Binding  or  draggy  brakes  after  take-off. 

Inboard  and  outboard  wheels  will  be  compared  for  a and  b, 
individual  wheels  will  be  compared  for  condition  c. 

The  system  will  operate  from  the  present  anti-skid  wheel 
speed  transducers,  without  affecting  the  anti-skid  system  in 
any  manner  whether  the  anti-skid  system  is  on  or  off.  It 
consists  basically  of  a control  box,  3/8  ATR  short,  and 
suitable  annunciation  indicators. 

By  utilizing  the  presently  installed  wheel  speed  transducers 
a minimum  amount  of  additional  wiring  will  be  required. 
Additional  wiring  to  the  cockpit  is  minimal  and  might  consist 
of  one  indicator  and  power  control.  Individual  indication  of 
malfunction  can  be  indicated  at  the  control  box. 

The  present  anti-skid  test  will  also  check  the  wheels  and 
brake  advisory  system. 

The  system  detection  set  points  for  all  phases  of  operation 
may  be  readily  changed,  for  instance,  in  the  ground  mode, 
wheel  difference  comparison  detection  threshold  and  the  time 
duration  of  speed  difference.  This  allows  the  system  to  be 
readily  adaptable  to  various  types  of  aircraft  and  various 
conditions  without  minor  changes. 

The  system  may  be  inhibited  in  the  ground  mode  at  any 
particular  speed  (60  knots)  where  operation  of  the  system  may 
not  be  required. 

The  system  can  be  inhibited  via  nose  wheel  steering  to 
prevent  wheel  speed  differences  while  turning  the  aircraft  to 
cause  false  malfunction  indication. 

The  system  may  also  be  inhibited  in  the  ground  mode  operation 
for  aircraft  attitude  or  tilt  caused  by  a crosswind. 

In  the  airborne  mode  at  lift-off  the  system  by  means  of  nose 
wheel  relay  logic  changes  the  system  detection  to  individual 
wheel  deceleration  rate  time  and  indicates  a binding  brake  if 
one  should  occur  until  gear-up  logic  inhibits  the  system. 
This  method  of  detecting  a binding  brake  is  more  reliable  and 
realistic  than  comparing  paired  wheel  deceleration,  i.e.  2 
wheels  could  conceivably  have  binding  brakes  and  comparing 
them  to  each  other  would  not  indicate  that  either  brake  was 
decelerating  the  wheel  too  soon. 


A binding  brake  then  occuring  after  lift-off  and  before  gear- 
up  command,  would  give  an  indication,  latch  up  the  indication 
system  and  continue  to  indicate  a malfunction  until  manually 
reset . 

The  system  is  offered  with  the  underinflation  detection 
feature  only.  The  manufacturer  claims  that  a 502 
underinflation  condition  was  stably  detected  by  the  system 
during  taxi  tests  at  15  knots  on  a 727.  A 252  underinflation 
should  be  detectable  at  30  knots  with  corresponding  higher 
sensitivities  at  slightly  higher  speeds. 


Concept  0 - Low  and  Failed  Tire  Detection/Indicating  System 
(Indirect  Indication  - Cockpit) 

Information  from  a new  strain  gage  based  weight  and  balance 
system  manufacturer  received  late  in  the  report  study  is 
included  although  the  concept  has  not  been  analyzed  as  part 
of  this  report.  It  is  based  on  comparing  the  signals  from 
the  W5S  (Weight  and  Balance  System)  load  deflection 
transducers  mounted  in  a four-way  arrangement  on  each  bogie 
beam.  The  system  can  detect  tire  differential  pressure 
conditions  with  either  bogie-mounted  or  axle-mounted 
transducers,  for  either  two-wheel  or  four-wheel  gear.  The 
differences  between  transducer  signals  (indicated  loads)  for 
each  pair  of  wheels  are  chiefly  proportional  to  the  tire 
pressure  differences.  A differential  tire  pressure  of  5%  can 
be  reliably  detected  under  static  conditions  and  that  a 
differential  pressure  of  20%  can  be  detected  under  the 
dynamic  conditions  of  the  take-off  or  landing  roll.  The 
system  consists  of  landing  gear  mounted  deflection  sensing 
transducers,  remotely  located  multiplexers  which  obtain 
individual  transducer  signal  information,  a computer  and  a 
control  and  display  unit.  There  are  no  structural 
modifications  required  for  the  transducer  installation  on 
most  present  wide-body  aircraft. 

The  manufacturer  has  also  proposed  that  the  tire  structural 
or  tread  anomalies  are  detectable  by  dynamic  analysis  of  the 
weight  transducer  signal  and  tire  rotation  information.  With 
appropriate  digital  signal  processing  techniques,  tire 
defects  can  be  detected  even  in  the  presence  of 
runway / taxiway  roughness,  braking,  and  other  operational 
factors.  Such  a system  may  provide  early  warning  of  thrown 
treads  or  tread  conditions  that  will  soon  cause  loss  of  the 
cap . 


Ill  ANALYSIS  OF  SYSTEM  DESIGN  FEATURES  AND  COMPARISONS 


A.  WHEEL  MOUNTED  GAUGES  AND  DEVICES 

Concept  A and  B gauges  are  well  suited  to  the  Intended 
application.  They  provide  a quick  and  easy  way  for 
maintenance  personnel  and  flight  crews  to  check  tire 
pressure.  By  facilitating  tire  checks  the  gauges  should 
allow  under inf lated  tire  to  be  caught  before  the  carcass  is 
damaged  or  before  the  tire  fails.  There  should  be  benefits 
in  terms  of  reduced  maintenance  time  (see  Maintainability 
section)  and  possibly  reduced  tire  failure  rates  due  to  the 
increased  frequency  of  tire  checks. 

A buyer  may  choose  between  the  two  gauges  based  on  their  own 
preference  for  dial  design  or  the  particular  manufacturer. 
The  design  and  performance  of  the  gauges  should  be 
equivalent.  The  buyer  further  can  choose  to  buy  gauges  with 
color  banding  or  with  plain  faces.  Color  banding  requires 
different  gauges  to  be  purchased  and  stocked  for  different 
wheels  and  tires  for  a particular  aircraft  or  airline  fleet. 
It  has  the  disadvantage  of  increased  cost  and  the  risk  of 
installing  the  wrong  gauge  on  a wheel.  Color  banding  has  the 
advantage  of  improved  readability  and  eliminates  the  need  for 
maintenance  crews  or  flight  crews  to  refer  to  tire  inflation 
charts . 

No  colorbanded  or  plain  dial  faces  allows  one  gauge  to  be 
installed  perhaps  on  an  entire  airline's  fleet  thus  reducing 
spares  and  stocking  costs.  This  gauge  does  however , require 
that  some  reference  be  made  to  tire  inflation  charts.  These 
charts  are  readily  available  to  maintenance  crews  but  may  not 
be  so  readily  available  to  flight  crews. 

One  complaint  leveled  at  the  gauges  has  been  that  their 
readability  particularly  at  night  and  during  inclement  wet  or 
snowy  weather  is  impaired  particularly  if  the  gauge  is  upside 
down  at  the  bottom  of  the  wheel.  All  considered,  however, 
wheel  mounted  gauges  appear  to  be  a significant  advance  in 
aiding  good  tire  maintenance. 

Concept  C pressure  switches  with  handheld  interrogacor 
approach  to  tire  maintenance  may  also  find  acceptance.  With 
this  approach  separate  fill  valve  switches  are  required  for 
each  wheel  type  (different  pressure)  as  with  colorbanded 
gauges.  The  hand  held  interrogator  provides  a very  readable 
go-no-go  indication  day  or  night  and  should  eliminate  the 
need  for  a flashlight  that  is  probably  required  to  read 
gauges  at  night. 

When  considering  the  added  cost  of  the  hand  held 
interrogator,  problems  of  storing  the  interrogator  and 
maintaining  the  interrogator  the  wheel  mounted  gauge  has  some 
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advantages.  Also  an  analysis  should  be  made  of  interrogator 
and  switch  failure  modes  to  determine  if  there  are  failures 
which  cause  the  interrogator  to  fail  to  detect  a low  tire. 
Also  to  maintain  accurate  indication  of  a tire  that  is  10  to 
15  psi  unde r inf la  ted  the  pressure  switch  must  (as  it  is)  be 
temperature  compensated.  The  problem  with  temperature 
compensation  is  that  it  will  mask  a tire  that  has  become 
under inf lated  due  to  the  cooling  of  the  tire  air  mass  when  an 
airplane  lands  and  perhaps  overnights  in  a cold  climate. 
(This  will  be  discussed  further  in  a later  section). 

E.  COCKPIT  INDICATION  VS.  GROUND  READOUT  GAUGES 


What  are  the  relative  advantages  of  ground  readout  devices 
vs.  cockpit  indicating  systems?  Obviously  cockpit  systems 
are  going  to  be  significantly  more  expensive  to  install  and 
maintain.  Can  they  be  cost  or  safety  justified? 

In  general,  cockpit  indicating  systems  that  provide  accurate 
on  aircraft  readout  of  tire  pressures,  whether  in  the  cockpit 
or  in  another  readily  accessible  location,  once  accepted  as 
sufficiently  reliable,  can  provide  the  optimum  ease  in 
checking  tire  pressures.  Problems  of  weather  that  may 
discourage  checking  wheel  mounted  gauges  and  eliminating 
problems  of  reading  gauges  at  night  are  all  pluses  for  on- 
board readout  systems.  The  Concept  D system  even  proposed  a 
hard  copy  printout  of  tire  pressures  for  the  aircraft  log. 
(This  may  require  a hand  held  separate  printer  which  could  be 
objectionable).  As  is  shown  in  the  maintenance  section  this 
relative  ease  of  use  shows  the  on-board  analog  readout  system 
can  provide  an  additional  small  cost  saving  in  tire 
maintenance  time. 

Based  on  the  above  analysis  ground  readout  gauges  offer  a 
major  improvement  at  lower  cost.  The  major  area  of 
difference,  however,  is  in  the  ability  of  the  cockpit 
indicating  system  to  warn  the  flight  crew  of  a tire  problem 
that  develops  after  push  back,  on  taxi-out  and  takeoff  roll. 
From  the  analysis  of  damage  costs  and  incidents  and  accidents 
in  appendix  A,  a case  is  developed  that  cockpit  indicating 
systems  may  be  cost  justifiable  (except  for  some  study 
aircraft)  due  to  reduced  serious  tire  related  rejected 
takeoff  incidents  and  attendant  increased  safety. 

From  this  it  may  be  concluded  that  the  most  simple  go-no-go 
system  could  be  most  cost  justified,  wheel  mounted  gauges 
could  provide  quick  pressure  checks  at  the  dock  and  a simple 
go-no-go  system  could  provide  warning  of  a problem  developing 
after  pushback.  However,  when  considering  failure  modes  and 
the  requirement  to  reduce  false  warnings  on  takeoff  roll  to  a 
minimum,  an  analog  system,  whether  or  not  actual  pressure  is 
cockpit  displayed,  has  certain  advantages  beyond  the  ease  of 
tire  pressure  readout. 
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C.  DESIGN  CRITERIA/CONFORMANCE  WITH  FAR  25 
INDICATING  SYSTEMS 


COCKPIT 


In  reviewing  the  requirements  of  FAR  part  25  as  applicable  to 
cockpit  TPI  systems  several  items  were  found,  in  addition  to 
the  general  requirements  for  proper  power  and  light,  that 
apply  to  failure  criteria.  These  paragraphs  are: 

25.1309  EQUIPMENT,  SYSTEMS  AND  INSTALLATIONS  (b)  The 
airplane  systems  and  associated  components, 
considered  separately  and  in  relation  to  other 
systems,  must  be  designed  so  that  -- 

(1)  The  occurrence  of  any  failure  condition 
which  would  prevent  the  continued  safe  flight 
and  landing  of  the  airplane  is  extremely 
improbable,  and  ... 

(c)  Warning  information  must  be  provided  to  alert 
the  crew  to  unsafe  system  operating  conditions,  and 
to  enable  them  to  take  appropriate  corrective 
action.  Systems,  controls  and  associated  monitoring 
and  warning  means  must  be  designed  to  minimize  crew 
errors  which  could  create  additional  hazards. 

Although,  these  paragraphs  do  not  specifically  prohibit  false 
warnings  that  may  cause  a hazardous  aborted  takeoff  they  do 
lend  support  to  the  basic  design  criteria  that  requires 
reducing  possible  false  warnings  to  an  absolute  minimum. 
Thus,  per  the  discussion  earlier  in  this  study  and  FAR  25 
requirements,  the  first  design  criteria  for  cockpit 
indicating  TPI  systems,  should  be: 

The  TPI  system  shall  be  so  designed  from  its  inception 
that  false  warnings  that  could  cause  a takeoff  to  be 
aborted  are  eliminated. 

The  second  criteria  of  somewhat  lesser  importance  shall  be: 

The  TPI  system  shall  be  capable  of  being  tested 
periodically  to  determine  the  capability  of  the  system 

to  detect  a low  tire  when  it  occurs. 

In  meeting  these  criteria  systems  able  to  measure  analog  tire 
pressure  (Concepts  D,  E,  F,  G)  have  a theoretical  advantage 
over  discrete  or  binary  pressure  sensing  approaches.  With 
analog  data  reasonableness  checks  can  be  performed  to 
differentiate  actual  low  pressure  conditions  from  system 
failures.  A reasonable  pressure  range  from  0 to  350  psi 
might  be  established  with  pressures  falling  outside  this  band 
considered  to  be  "hardover"  circuit  failures  and  not  valid 
low  pressure  tires.  The  probability  of  a circuit  failure 
that  causes  a false  pressure  indication  within  the  reasonable 
range  must  be  assessed  for  each  of  the  proposed  systems  but 
through  proper  design  should  be  able  to  be  made  improbable. 


Unlike  analog  systems  discrete  pressure  sensing  systems  have 
no  means  of  making  a reasonableness  check.  The  ability  of  a 
pressure  switch  to  switch  when  a tire  loses  pressure  cannot 
be  assessed  before  the  fact.  Most  importantly  if  a switch 
fails  and  produces  a false  warning  there  is  no  way  to  check 
(except  in  Concept  I),  if  the  tire  is  actually  low. 
Therefore,  discrete  sensing  concepts  H,  J,  and  K may  not  be 
highly  favored. 

It  may  be  argued  that  steps  can  be  taken  to  minimize  this 
effect  with  discrete  systems.  A resistor  can  be  placed 
across  switch  contacts,  for  example,  to  eliminate  open 
circuits  in  wiring  to  the  switch  from  causing  false  warnings. 
Further,  cutting  off  tire  warning  indications  above  some 
speed  on  takeoff,  coupled  with  the  relatively  short  time 
exposure  to  false  warnings  on  takeoff,  reduces  the 
probability  that  a hazardous  abort  might  be  falsely 
initiated.  Some  have  proposed  two  separate  switch  circuits 
on  the  wheel  but  the  problem  becomes  which  one  is  correct  if 
there  is  a disagreement  particularly  when  each  switch  will 
normally  have  a slightly  different  switch  point. 

With  careful  attention  to  circuit  and  switch  design,  the 
tendency  of  discrete  systems  to  fail  passively  or  produce 
false  warnings  cannot  be  eliminated.  Passive  switch  failures 
could  be  detected  each  time  a tire/wheel  goes  to  the  shop 
(i.e.  once  every  several  hundred  landings)  reducing  but  not 
eliminating  the  probability  that  the  system  may  be  unable  to 
detect  an  actual  low  tire. 


With  very  careful  attention  to  design  of  a reliable  switch 
and  thorough  testing  capability  of  monitor  circuits  with 
monitor  cutoff  above  100  knots  on  takeoff,  designs  such  as 
that  proposed  by  Concept  H manufacturer  offer  the  best  means 
of  meeting  the  design  criteria  with  a discrete  pressure 
sensing  system.  If  such  a system  offered  substantial  cost 
savings  it  may  be  justifiable.  The  preliminary  cost 
estimates  do  not,  however,  appear  to  substantially  favor 
discrete  monitoring  systems. 

Analog  pressure  monitoring  systems,  weight  and  balance 
systems,  and  the  system  proposing  to  use  antiskid  wheel  speed 
to  detect  under inf lated  tires  all  have  analog  information  to 
evaluate  (whether  displayed  or  not).  These  systems  are 
favored  for  failure  detection  ability  in  the  main  study  and 
the  reliability  study  included  herein  (done  separately).  The 
potential  advantage  of  each  of  these  concepts  can  be  lost  if 
sufficient  attention  is  not  given  to  the  final  detail  design 
of  the  system  to  eliminate  false  warnings. 
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COCKPIT  DISPLAYS  - EVALUATION  OF 


In  a survey  of  fifteen  test  pilots,  flight  engineers  and 
airline  pilots  half  favored  the  display  of  actual  tire 
pressure  with  a "low  tire"  light  and  half  favored  having  only 
a "low  tire"  light  with  some  means  of  determining  the 
operational  status  of  the  system.  The  size  of  the  aircraft 
and  crew  workload  considerations  were  factors  in  the 
expression  of  opinion. 

* 

Those  favoring  actual  pressure  display  expressed  a desire  to 
know  how  much  below  the  threshold  pressure  (i.e.  specified 
operations  pressure);  a tire  had  fallen  to  give  them 
additional  data  to  decide  whether  to  continue  the  takeoff  or 
abort.  Also,  several  flight  engineers  felt  that  valuable 
pressure  trend  data  might  be  obtained  for  improved 
maintenance.  Those  favoring  a light  only  indication  felt 
having  the  flight  engineer  interpret  tire  pressures  would 
require  charts  be  provided  to  the  flight  engineer  which  would 
be  a useless  burden. 

Several  cockpit  display  schemes  with  actual  pressure  and/or 
fault  codes  displayed  have  been  proposed.  Selection  of  a 
specific  display  should  be  determined  largely  by  airline 
preference  or  planned  system  use.  Concepts  D,  E,  F,  and  G 
could  all  display  analog  pressure  or  a discrete  "low  tire" 
light  indication.  With  the  same  basic  system  and  computer 
several  different  displays  might  be  offered.  Other  concepts, 
of  course,  do  not  have  the  capability  of  displaying  actual 
tire  pressure. 

In  a "low  tire"  light  only  approach  it  has  been  suggested 
that  a "system  INOP"  light  be  added  that  would  come  on 
automatically  if  the  system  was  turned  off  or  had  failed 
producing  a false  "low  tire"  indication.  The  "low  tire" 
light  may  or  may  not  be  suppressed  under  this  condition.  The 
idea  of  the  "INOP"  light  would  be  to  warn  the  crew  of  system 
f » i ure  while  suppressing  false  low  tire  warnings  so  that  a 
vs  • ^off  may  continue  uninterrupted.  One  airline  believed, 
ho/iV'.r,  that  whether  the  "low  tire"  light  or  "INOP"  light 
weis  on,  the  crew  procedure  would  be  the  same  — to  return 
to  the  dock.  It  may,  therefore,  be  desirable  to  only  have 
the  "low  tire"  light  and  to  suppress  false  warnings  until  the 
next  system  self-test.  Thus  if  tested  before  pushback, 
system  faults  could  be  verified  and  the  system  repaired  or 
dispatched  inoperative  to  avoid  an  unnecessary  abort  and 
return  to  dock  on  the  prior  takeoff. 

Again,  specific  airline  or  airframe  manufacturer's  experience 
or  their  design  philosophy  must  be  taken  into  account  when 
selecting  a cockpit  display  for  a particular  system. 


E.  TEMPERATURE  COMPENSATION/ACCURACY  EVALUATION 

Tire  pressure  varies  according  to  temperature  over  a 
considerable  range.  This  variation  must  be  considered  in  the 
design  of  TPI  systems.  For  example,  pressure  can  change 
nearly  + 25%  at  extremes  of  temperature  when  referenced  to 
pressure  at  standard  conditions.  With  a 180  psig  aircraft 
tire  inflated  at  70  degrees  F,  actual  pressure  at  200  degrees 
F was  214  psig  and  at  -65  degrees  F was  139.3  psig  a change 
of  +19%  and  -23%. 


Thus,  discrete  pressure  sensing  systems  or  analog  systems 
both  without  temperature  compensation,  could  establish  low 
pressure  warning  levels  at  about  135  to  140  psig  for  the  180 
psig  tire.  Thus,  discrete  pressure  sensing  systems  could  not 
detect  tires  less  than  40  psig  under inf lat ed  (in  this  case) 
unless  they  were  temperature  compensated.  An  analog  system 
with  actual  pressure  of  each  tire  available  at  the  computer 
could  compare  adjacent  tires  and  provide  an  alarm  if  tires 
are  15  to  20  psig  different  in  pressure,  allowing  a much  more 
sensitive  low  pressure  detection  as  well  as  providing  an 
alarm  if  any  tire  falls  below  the  135  to  140  psig  absolute 
level.  Setting  these  thresholds  higher,  of  course,  raises 
the  possibility  of  false  low  pressure  warnings  with  a tire 
that  is  cold  soaked. 


From  the  above,  it  may  be  concluded  that  temperature 
compensation  of  the  sensing  element  is  desirable  (i.e., 
Temperature  compensation  is  included  in  Concept  C and  is  an 
available  feature  in  the  Concept  B gauge.)  However,  airframe 
and  tire  manufacturers  recommend  inflation  pressures  without 
regard  to  temperature.  In  other  words,  a tire  inflated  to 
180  psig  in  a warm  climate  and  flown  to  a cold  climate  would 
drop  in  pressure  to  say  155  psi  which  may  be  below  the 
pressure  required  by  tire  inflation  charts  for  the  next  high 
gross  weight  takeoff  and  air  must  be  added  to  the  tire  to 
bring  it  within  the  acceptable  pressure  range  prior  to  that 
takeoff.  With  a temperature  compensated  gauge  the  original 
180  psig  pressure  would  be  displayed  and  would  allow  a tire 
that  is  technically  underinflated  to  go  undetected. 


On  the  high  temperature  side,  which  occurs  more  often  due  to 
brake  heat,  a temperature  compensated  gauge  is  an  advantage 
since  it  allows  the  operator  to  predict  what  the  tire 
pressure  will  be  when  the  tire  cools.  This  is  of  value  so 
that  air  may  be  added  to  the  warm  tire  if  it  will  otherwise 
be  underinf lated  when  it  cools.  An  analog  system  or  hand 
held  or  wheel  mounted  gauge  gets  around  this  problem  by 
adding  a requirement  that  tire  to  tire  pressure  difference  be 
no  greater  than  10  to  15  psi  even  though  all  are  above  limit 
because  they  are  warm. 


Thus  since  temperature  compensated  pressure  indications  can 
be  misleading  when  tires  are  cold-soaked,  temperature 
compensation  appears  undesirable.  This  limits  discrete 
pressure  monitoring  systems  to  warning  levels  below  cold- 
soaked  pressures  that  may  occur  on  long  high  altitude  flights 
to  avoid  false  warnings.  Discrete  systems  can,  therefore, 
only  detect  substantially  under inf lated  tires  which  may  be 
acceptable  in  terms  of  specific  airline  requirements  for  its 
TPI  system.  By  comparing  adjacent  tires,  analog  systems  can 
detect  smaller  pressure  deviations. 

Analog  systems  that  may  be  used  for  tire  pressure  checks  in 
lieu  of  a hand  held  gauge  should  be  nearly  as  accurate  as 
hand  held  gauges  or  about  +3  psig.  (This  is  believed  to  be  a 
reasonable  tolerance  for  a good  hand  held  gauge  including 
"read"  tolerance).  Accuracy  of  wheel  mounted  gauge  tolerance 
(See  Fig.  1)  over  reasonable  pressure  and  temperature  ranges 
is  + 4 to  + 5 psi.  Tire  pressure  indicating  analog  system 
manufacturers  claim  to  be  able  to  achieve  accuracies  between 
+ 4 and  + 6 psi  over  reasonable  temperature  ranges  and  + 9 to 
+ 10  psi  over  the  full  temperature  range  to  -65  + 300  degrees 
F.  These  accuracies  are  predictions  and  have  not  been 
service  demonstrated. 

Part  of  the  difficulty  in  maintaining  accuracy  is  the  error 
accumulation  in  the  conversions  required  to  bridge  the  tire 
to  axle  gap.  Concepts  D and  E,  for  example,  convert  tire 
pressure  to  an  electrical  signal,  then  convert  that  analog 
signal  to  a frequency  or  digital  signal  to  get  the 
information  across  the  air  gap  then  convert  back  to  analog 
for  display.  Each  of  these  conversions  allows  possible  error 
accumulation.  Also  for  ease  of  maintenance  and  reduced 
maintenance  time  it  is  a firm  design  criteria  that  no  on- 
aircraft  calibration  shall  be  required. 

It  will  be  difficult  to  maintain  tolerances  and  accuracies 
for  on— board  systems  that  can  be  attained  under  optimum 
conditions  with  hand-held  gauges.  However,  predicted 
accuracies  appear  to  be  sufficient  to  allow  use  of  the  system 
to  detect  tires  that  are  slightly  under inf lated  and  require 
air  to  be  added  by  the  ground  crews.  Other  concepts  such  as 
G that  propose  direct  connection  to  the  transducer  are 
theoretically  more  accurate  due  to  the  elimination  of  analog 
to  frequency  conversion  steps  required  in  magnetic  coupling 
schemes. 


In  ranking  the  theoretical  accuracy  obtainable  with  each 
analog  approach  they  could  be  as  follows: 

1.  Concept  G - Slip  Ring  - Accuracy  primarily 
limited  by  pressure  transducer  (no  analog  to  digital 
conversion  in  wheel  mounted  electronics  due  to  direct 
connection  to  pressure  transducer) 


2.  Concept  E - Magnetic  Coupling  - Converts  analog 
transducer  signal  directly  to  digital  word  before 
transmission  across  wheel  axle  interface  via 
transformer/coupler. 

3.  Concept  D - Magnetic  Coupling  - Converts 
directly  from  analog  transducer  to  frequency  before 
transmission  then  converts  frequency  to  digital  word  in  the 
computer . 

The  load  cell  or  LVDT  concepts  should  be  only  slightly  less 
accurate  than  the  above.  The  accuracy  estimates  by  each 
concept  vendor  do  not  necessarily  agree  with  the  above 
because  aircraft  production  and  service  experience  has  shown 
that  proper  design  of  the  specific  circuits  involved  in  data 
conversion  is  quite  important  in  maintaining  accuracy. 

F.  SUMMARY  OF  RELIABILITY  ANALYSIS 


The  complete  reliability  analysis  of  cockpit  TPI  systems  is 
presented  in  Appendix  B.  A summary  of  the  reliability  and 
Safety  calculations  is  given  in  Table  I,  Appendix  B.  From 
Table  I Appendix  B it  can  be  seen  that  Concepts  D,  E,  and  F 
(Analog)  TPI  systems  have  the  highest  reliability  (i.e., 
highest  RTPi ) and  provide  the  most  safety  (i.e.,  lowest 
Q pw  and  QHAZ  )•  This  is  true  even  though  Concepts  D,  E, 
and  F designs  have  a higher  system  failure  rate  than  Concept 
J (for  example).  Concept  J's  (discrete  pressure  sensing)  TPI 
system  has  poorer  reliability  and  safety  because  of  the 
higher  percentage  of  undetected  failures  and  failures  that 
cause  false  warnings. 

The  results  in  Table  I,  Appendix  B show  the  importance  of 
eliminating  all , if  possible,  of  the  "Never  Detected" 
undetected  failures,  i.e.  all  parts  of  the  TPI  system  should 
be  checked  to  determine  that  they  are  functional  during  bench 
tests.  Also,  the  reliability  and  safety  of  the  systems  are 
increased  by  reducing  the  BITE  and  Acceptance  test  procedure 
detected,  undetected  failures.  Therefore,  it  is  important: 
that  as  many  as  practical  of  the  TPI  system  failures  be 
detected  failures  that  are  annunciated  to  the  flight  crew 
when  the  failures  occur.  In  addition,  it  is  important  that 
the  number  of  failures  that  can  cause  false  warnings  be 
reduced  to  as  few  as  possible. 

It  is  noted  in  the  study  that  the  parts  comprising  the  TPI 
systems  were  determined  from  general  descriptions  of  the 
systems.  Therefore,  the  specific  type  of  part  and  the  number 
of  parts  used  in  this  study  will  undoubtedly  not  be  exactly 
the  same  as  actually  exist  in  each  TPI  system  evaluated.  NO 
failure  mode  and  effects  analysis  information  was  available 
in  order  to  determine  accurately  the  number  of  undetected 
failures  in  each  category  (detected  during  BITE,  ATP  or 


never).  Also,  more  detailed  Information  of  the  systems  Is 
needed  to  more  accurately  determine  the  values  for  Q(T&I)  and 
Q(MON),  the  probability  of  false  indications  due  to 
transients  and  intermittents  etc.,  and  the  probability  of  a 
false  warning  due  to  a monitor  threshold  tolerance  error, 
respectively. 

However,  the  values  used  in  the  study  (they  were  based  on  an 
engineering  judgment  of  the  system  designs  from  the  available 
information)  are  considered  to  be  reasonable  representations 
of  the  various  TPI  systems.  The  calculations  thus  give  an 
overview  of  the  important  reliability  and  safety  aspects  of 
TPI  systems,  their  magnitude  and  how  they  vary  depending  upon 
significant  design  features,  such  as  the  number  and  types  of 
parts  used  which  affect  the  system  failure  rate  and  failure 
modes,  the  degree  of  monitoring  to  detect  as  many  failures  as 
possible,  and  implementation  of  the  monitor  to  eliminate 
false  warnings  due  to  part  failures  and  monitor  warning 
limits  being  inadvertently  exceeded  when  no  low/flat  tire 
exists . 

G.  MAINTAINABILITY  - TIRES  AND  TPI  SYSTEMS 
1.  Tire  Maintenance 


The  fact  that  maintaining  proper  tire  pressure  will  reduce 
the  number  of  premature  tire  removals  is  well  established. 
Aircraft  tires  require  frequent  maintenance  attention.  A 
perfectly  acceptable  aircraft  tire  can  lose  as  much  as  5%  of 
its  inflation  pressure  daily.  Consequently,  if  not  given 
daily  attention,  the  chances  of  any  tire  becoming  critically 
under inf lated  are  greatly  increased.  To  maintain  optimum 
tire  pressure,  and  minimize  premature  removals  it  would  be 
desirable  to  check  tire  pressures  prior  to  each  flight. 

The  conventional  check  calling  for  removal  of  the  valve  cap, 
applying  and  reading  a gauge,  then  referring  to  temperature 
conversion  tables,  then  replacing  the  cap  is  a tedious  job  at 
best.  It  is  costly  in  terms  of  flight  line  crew  time.  More 
costly  because  it  can't  always  be  done  on  schedule  because  of 
weather,  route  structure,  etc.,  this  being  the  case,  the 
likelihood  of  the  tires  being  checked  on  schedule  diminishes. 
Also,  tire  pressures  cannot  be  properly  measured  if  the  tire 
is  hot,  such  as  immediately  after  landing/braking  when  tire 
pressures  are  higher.  It  is  a practice  of  some  airlines  to 
record  the  tire  pressures  of  hot  tires  and  compare  relative 
readings.  If  the  readings  fall  within  5 psi  of  each  other, 
and  are  above  the  normal  published  inflation  pressure  for  the 
tire,  the  inflation  is  considered  to  be  acceptable. 

To  accomplish  the  tire  checks,  (Physically  checking  each  tire 
with  a pressure  gauge)  requires  approximately  an  average  of 
five  to  seven  minutes  per  tire.  According  to  airline  data 
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sources,  this  time  period  actually  defines  the  total  time 
interval  of  the  tire  checking  procedure.  This  includes  the 
retrieval  of  the  tire  pressure  gauge.  Maintenance  Manual 
reference,  removal  of  the  valve  'cap,  reading  the  gauge, 
referring  to  temperature  conversion  tables,  and  replacing  the 
cap.  In  addition,  data  recording  and  walking  times  are 
included.  With  an  approximate  cost  of  $11.00  per  flight  line 
labor  hour  if  tires  are  checked  each  flight  this  results  in  a 
cost  of  $29.00  per  day  for  a DC-10  series  10  based  on  3.15 
flights  per  day  fleet  average. 

According  to  airline  data,  maintenance  checks  on  tires 
average  about  once  a day.  For  a design  life  of  50,000 
landings  (flights),  we  can  find  the  total  potential 
maintenance  savings  as  given  in  Table  1,  for  typical  wide 
body  multi-wheeled  transports  and  one  typical  short  haul 
narrow  body  transport. 

From  the  data  in  Table  1 which  estimates  the  cost  of  checking 
tire  pressures  once  per  day  for  the  design  life  of  the 
aircraft,  maintenance  cost  savings  for  wheel  mounted  gauges 
and  TPI  analog  systems  can  be  estimated.  On  the  assumption 
that  both  wheel  gauges  and  cockpit  systems  will  prove 
sufficiently  reliable  that  airlines  will  feel  confident 
enough  in  them  to  eliminate  daily  hand  held  gauge  checks  a 
large  portion  of  the  tire  maintenance  check  costs  can  be 
saved.  It  should  take  no  more  than  5 minutes  to  read  and 
record  tire  pressures  on  a cockpit  gauge  for  a 10  wheel 
aircraft  or  90%  savings.  Nearly  80%  savings  could  be 
achieved  with  wheel  mounted  gauges.  Thus,  on  a six  wheel 


TABLE  1 

TIRE  PRESSURE  MAINTENANCE  COSTS 


TYPE  OF  AIRCRAFT 

DC-9 

DC- 10 
SERIES  10 

DC- 10 
SERIES  30 

DC- 10 
SERIES  40 

B747 

HOURS  PER  FLIGHT 

0.83 

2.67 

3.83 

3.83 

4.50 

HOURS  PER  DAY  UTILIZATION 

7.02 

8.42 

10.93 

9.68 

9.50 

TOTAL  NO.  OF  FLIGHTS  PER  DAY 

8.46 

3.15 

2.85 

2.53 

2.11 

DAILY  MAINTENANCE  COST  (BASED  ON  AN  AVERAGE 
CHECK  OF  ONCE  A DAY) 

$5.50 

$9.16 

$11.00 

$11.00 

$16.50 

TOTAL  MAINTENANCE  COST  BASED  ON  50,000  FLIGHTS 

$32,506 

$145,397 

$192,982 

$217,391 

$390,995 

FOR  EXAMPLE,  FOR  AN  18-WHEEL  B747  AIRCRAFT: 

$11  5 MINUTES  HOUR 

DAILY  MAINTENANCE  COST  - LAB0R  H0URS  x 18  TIRES  x "TIRE  x 60  MINUTES  * $16-50 

TOTAL  MAINTENANCE  COST  BASED  ON  50,000  FLIGHTS 

• 50,000  FLIGHTS  x g.H-gflgHT?  * *1^  * *390.995 
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aircraft  with  high  utilization,  out  of  the  tire  check  cost  of 
$32,500  a gauge  could  save  as  much  as  $26,000  per  airplane 
and  $29,000  for  the  cockpit  system.  On  a 1.0  wheel  aircraft 
the  gauge  saving  maybe  approximately  $105,000  and  cockpit 
system  savings  may  be  as  high  as  $120,000. 

Another  feature  of  the  cockpit  system  is  that  the  Flight 
Engineer  could  quickly  evaluate  all  pressures  during  taxl-in 
after  landing  and  inform  the  ground  crew  if  a low  tire  is 
discovered.  This  may  further  help  in  minimizing  delays  on 
quick  turnarounds  if  a tire  requires  servicing  and  certainly 
makes  checking  tires  on  through-stops  feasible. 

2.  TPI  System  Maintenance  Costs 

A total  of  15  candidate  systems  were  reviewed  to  determine 
the  characteristics  which  most  significantly  impact  labor  and 
material  costs  to  maintain  the  system  in  service.  Limited 
information  precluded  an  in-depth  comparison  of  each  system 
concept.  However,  it  was  established  that  the  candidate 
systems  use  three  basic  concepts  to  indicate  tire  inflation. 
The  first  utilizes  wheel  mounted  fill  valve/gauges.  This  is 
a pressure  measuring  device  which  provides  a means  of  quick 
pressure  checks  on  walkaround.  Installation  of  such  a device 
does  reduce  maintenance  costs.  However,  inability  to  display 
and  check  tire  pressure  when  the  aircraft  is  moving  is  a 
disadvantage . 

The  second  employs  a wheel  mounted  transducer  to  measure 
actual  tire  pressure.  This  concept  performs  by  means  of  an 
inductive  coupling  device  which  transfers  the  electrical 
signal  (inflation)  from  the  wheel  to  the  axle.  This  approach 
provides  the  capability  of  displaying  the  actual  tire 
pressure.  Installation  of  a direct  reading  tire  pressure 
system,  with  reasonable  system  accuracy,  would  reduce  the 
time  required  to  check  the  pressure  of  all  tires  to  three  to 
five  minutes,  resulting  in  a substantial  savings  in  operating 
costs  (see  estimates  of  cost  above). 

The  third  type  of  system  measures  axle  deflection  (or  wheel 
speed)  and  can  only  detect  a tire  under  inflated  by  a 
significant  amount.  Inability  to  directly  read  tire  pressure 
is  again  a disadvantage.  Installation  of  such  a system  would 
not  yield  the  same  savings  since  the  amount  of  under- 
inflation required  to  produce  a low  tire  indication  precludes 
elimination  of  a manual  pressure  check. 

The  following  tables  2A,  B,  C,  and  D present  the  estimated 
direct  maintenance  manhour  and  material  costs  for  systems 
representing  the  major  types  of  system.  Each  system  type  is 
represented  by  a selected  concept.  Therefore,  the  remaining 
concepts  will  be  categorized  according  to  the  four  system 
groups.  Maintenance  costs  of  the  systems  not  specifically 


analyzed  should  be  similar  to  the  maintenance  costs  typical 
of  its  group.  Wheel  mounted  gauges  were  not  analyzed  as  they 
.are  generally  not  repairable  and  are  relatively  inexpensive. 


Based  on  the  actual  cost  estimates  for  a 10-wheel  system,  the 
costs  for  the  6-wheel  system,  12-wheel  system  and  18-wheel 
system  can  be  calculated  and  compared.  Estimated  costs  were 
determined  by  choosing  equipment  judged  similar  to  the  new 
equipment.  Items  chosen  as  similar  were  limited  to  those 
presently  installed  on  DC-9  and  DC-10  aircraft,  thus 

providing  actual  maintenance  cost  data. 

• 

Table  3 presents  the  total  maintenance  cost  for  each  major 
system  type.  The  cost  can  be  found  providing  X,  Y,  and  Z are 
given.  X denotes  the  total  number  of  hours  per  flight.  Y 
gives  the  total  dollar  per  flight  hour.  Z represents  a 
design  life  of  50,000  flights.  Determination  of  maintenance 
cost  depends  on  the  complexity  of  the  TPI  system,  the  type  of 
aircraft  (number  of  wheels),  and  the  total  number  of  flights 
(average  flight  length).  A typical  maintenance  cost' 
calculation  for  a TPI  system  is  as  follows: 


Type  of  TPI  system 
balance ) 


Concept  L (indirect  weight  and 


Type  of  aircraft  system  = L-1011  (10-wheel  system) 
Typical  design  life  landings  (flights)  = 50,000 


Hours  per  flight  for  L-1011  = 2.34 
Components  of  Concept  L 


$/hr  for 
10-wheel  system 


1.  Electronic  unit 


.036 


2.  Indicator  unit 


.004 


3.  Transducer 


.072 


4.  Nose  gear  center  switch 
Total  cost  for  maintaining  Concept  L » $. 122/hour. 


.010 


(Note  that  item  3 will  change  in  value  in  different  wheel 
configurations  since  one  transducer  per  wheel  is  re- 
quired) . 

Total  maintenance  cost  of  Concept  L for  L-1011 

- 2.34  hours/flight  x 50,000  flights  x $. 122/hour 


$14,274. 
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A different  maintenance  cost  is  similarly  obtained  for  each 
aircraft  and  concept.  Since  each  type  of  aircraft  has  a 
different  hours  per  flight  schedule,  and  each  concept 
consists  of  different  components,  thus  different  maintenance 
costs  are  derived  for  each  system.  With  the  calculation  of 
the  total  maintenance  cost,  each  concept  can  be  compared  for 
different  wheel  configurations  which  is  shown  in  Table  3. 

The  higher  cost  of  maintenance  of  direct  analog  reading 
systems  will  be  offset  by  the  potential  reduction  in  tire 
maintenance  costs  discussed  earlier  in  this  section.  None  of 
these  costs  can  be  recovered  by  the  weight  and  balance,  wheel 
speed  and  discrete  pressure  sensing  approaches,  since  daily 
hand  tire  pressure  checks  will  still  be  required. 

H.  INSTALLATION 

The  relative  difficulty  of  installation  is  a major  area  of 
difference  between  specific  concepts  and  concept  groups.  In 
general,  the  most  difficult  to  install  are  the  analog 
pressure  systems;  the  next  most  difficult  the  discrete 
pressure  sensing  systems;  the  weight  and  balance  system  blown 
tire  indicating  systems  being  relatively  more  easy  despite 
the  requirement  to  rewire  bogie  beam  transducers  when 
retrofitting  existing  wide  body  aircraft;  and  the  easiest  to 
install  being  the  proposed  wheel  speed  system  which  bypasses 
the  need  to  Install  new  sensors  or  rewire  existing  ones. 

The  heart  of  the  analog  pressure  indicating  systems 
Installation  problem  involves  the  transferral  of  information 
from  the  rotating  wheel  to  the  axle  which  is  required, 
whether  the  aircraft  is  moving  or  static.  The  wheel  hub  is 
so  far  the  most  promising  approach. 

Wheel  Hub 

Although  detailed  wheel  hub  drawings  were  not  available  for 
Boeing  or  Lockheed  aircraft,  hub  installations  on  all  Boeing, 
Lockheed  and  Douglas  aircraft  covered  by  this  study  appear 
feasible.  Figure  15  shows  a potential  installation  on  a B- 
747  which  is  typical  of  the  installation  of  this  system 
concept  on  a DC-10.  The  L-1011  installation  is  more 
difficult  because  of  the  type  of  antiskid  transducer  used  but 
at  least  one  manufacturer  showed  a potentially  satisfactory 
installation  mounting  the  transformer /coupler  on  the  face  of 
the  existing  antiskid  transducer.  The  TPI 
transf ormer /coupler  can  be  installed  in  a DC-9  axle  by 
recessing  the  antiskid  transducer  about  2"  further  in  the 
axle  and  lengthening  the  transducer  coupler.  The  extra  space 
thus  created  between  the  antiskid  transducer  and  hub  cap  can 
house  the  TPI  transf ormer /coupler  or  slip-ring.  In  each 
case,  new  hub  caps  would  generally  be  required. 
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TABLE  3 

TOTAL  MAINTENANCE  COSTS  FOR  COCKPIT  TPI  SYSTEMS 
DESIGN  LIFE  OF  AIRCRAFT 
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Definitions:  X = Total  number  of  hours  per  flight 

Y = Total  dollar  per  flight  hour 

Z = Total  number  of  flights  based  on  a design  life 

Cost  = Total  maintenance  cost 


FIGURE  15.  TYPICAL  TPI  TRANSFORMER  COUPLER  INSTALLATION 
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In  evaluating  the  feasibility  of  installing  such  systems  on 
the  B-70 7 / 7 2 7 / 7 3 7 Boeing  engineers  saw  no  insurmountable 
difficulties,  but  a number  of  parts  would  have  to  be  modified 
or  replaced,  such  as: 

"1.  New  hub  caps  would  be  required;  existing  hub 
caps  do  not  have  space  available  for  the  transformers. 

2.  Antiskid  transducer  drives  would  be  new  in 
order  to  match  the  hub  cap  geometry. 

3.  Antiskid  transducer  mounts  would  be  changed  to 
gain  additional  axial  clearance. 

4.  New  or  remachined  outboard  wheel  halves  would 
be  required  to  provide  mounting  provisions  for  the  sensors 
and  associated  electronics. 

5.  Axle  rework  would  be  required  to  provide 
additional  or  larger  windows  for  routing  the  extra  wires. 

In  addition  to  the  above,  the  early  B-707's  would  have  to  be 
retrofitted  with  the  Mark  II  antiskid  system,  and  early  B- 
737's  would  have  to  be  changed  from  the  Goodyear  to  the  Mark 
III  system." 


After  reviewing  the  above  with  several  TPI  vendors  the  fourth 
(4)  requirement  may  not  be  necessary.  Existing  wheel  ports 
can  be  used  with  combined  functions  and  electronics  can  be 
packaged  at  the  transducer  or  in  the  hub. 

Inboard  Wheel  Area 

The  primary  objection  to  hub  mounted  t r ans f o rme r /coup 1 e r 
schemes  has  been  that  mechanics  would  be  required  to 
disconnect  and  reconnect  an  electrical  connector  anytime  a 
hub  cap  was  removed.  The  hub  cap  may  then  be  placed  on  the 
ground  where  water  could  get  into  the  hub  and  open  connector. 
Also,  another  connector  would  be  required  in  the  hub  cap  if  a 
slip  ring  is  used  which  makes  a slip  ring  more  objectionable. 


To  overcome  these  objections  the  inboard  wheel  area  was 
evaluated  for  the  coupling  device  mounting.  The  primary  coil 
might  be  mounted  around  the  axle  attached  to  it.  The  wires 
to  the  primary  coil  would  go  to  the  bogie  beam  or  strut  by 
going  underneath  the  brake  assembly.  The  secondary  coil 
would  be  mounted  on  the  inboard  wheel  half  and  mated  with  the 
primary  coil  by  axial  or  radial  clearance.  The  mounting  area 
can  be  seen  in  Figure  16.  Thus,  every  time  the  wheel  is 
removed  the  wheel  mounted  TPI  components  need  not  be 
disturbed.  The  disadvantage  of  this  inboard  axle  area  is  the 
higher  temperature  and  high  brake  dust  contamination  due  to 
the  close  proximity  to  the  brake.  There  is  also  inadequate 
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space  available  on  several  of  the  study  aircraft  in  this 
location. 

The  alternate  inboard  location  is  shown  in  Figure  17.  Most 
of  the  discrete  pressure  measuring  system  concepts  proposed 
an  installation  such  as  this.  Other  than  the  exposure  to 
tire  debris  damage  this  is  a relatively  easy  installation 
that  does  not  require  disconnecting  equipment  when  the  hub 
cap  or  tire  is  removed. 

The  approach  shown  in  Figure  17  is  for  a system  that  provides 
readout  only  when  the  aircraft  is  in  motion  via  periodic 
alignment  of  the  primary  and  secondary  coils.  This 
installation  could  be  made  to  read  pressure  continuously 
(with  aircraft  static  or  in  motion)  if  the  secondary  coil  is 
in  the  form  of  a continuous  ring  mounted  on  the  inboard  wheel 
flange,  analog  pressure  or  discrete  pressure  (switch)  could 
be  read  at  any  time. 

One  significant  advantage  in  having  the  ability  to  read  tire 
pressure  with  the  aircraft  static  (it  is,  of  course,  required 
if  analog  readout  is  desired  by  maintenance  personnel)  is  in 
troubleshooting  the  TPI  system.  With  a system  that  has 
primary  and  secondary  coil  alignment  once  every  tire 
revolution  it  may  be  required  to  jack  the  gear  and  spin  the 
wheel  to  determine  if  the  system  is  operating  with  the 
aircraft  parked.  This  could  be  cumbersome  and  time 
consuming.  With  a continuous  readout  with  the  aircraft 
parked  maintenance  should  be  facilitated. 

Installation  Cost 

Man-hour  estimates  to  install  two  different  type  pressure 
indicating  systems  on  DC-8,  -9,  -10,  B-747,  737,  727,  707, 
and  L-1011  aircraft  have  been  made. 

It  must  be  noted  that  the  man-hour  estimates  are  predicated 
on  the  theory  of  remove-and-replace  or  clamp-on  parts.  Using 
this  as  a guide,  basic  modification  estimates  were  possible. 
The  addition  of  one  conduit  line  to  transport  the  wiring  from 
base  of  the  strut  to  the  wing  on  the  main  gears  and  nose  gear 
was  used  for  the  purpose  of  this  estimation. 

Installation  and  modification  to  the  wing  and  fuselage  is 
basically  the  same  for  similar  size  aircraft  of  different 
manufacture.  Individual  differences  of  each  type  of  aircraft 
have  not  been  considered  in  this  estimate.  It  was  assumed 
that  avionic  rack  space  was  available  and  no  major  rework 
required  in  either  the  overhead  panel  or  Flight  Engineer's 
console . 

For  the  purpose  of  this  feasibility  study  the  number  of 
wheels  to  be  modified  per  aircraft  was  determined  at  this 
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time  to  be  the  major  difference  (excluding  size)  in 
modification  time  between  the  various  aircraft* 


It  was  estimated  that  18  man-hours  or  9 elapsed  hours  will  be 
required  to  remove /modify  (wheel  and  truck  assembly)  and 
install  each  wheel.  This  time  is  also  the  most  variable,  as 
a firm  method  of  modification  has  not  been  determined  at  this 
time.  Installation  costs  are  summarized  in  Table  4. 

Three  factors  must  be  considered  in  the  man-hour  estimation 
quotes . 

1.  The  aircraft  has  been  placed  in  a maintenance 
condition.  (No  downtime  cost.) 

2.  Unique  access  times  are  not  reflected  in  these 
estimates. 

3.  Times  are  estimated  on  a "third-ship"  knowledge 
of  the  job  and  are  actual  working  times.  Other  users  should 
adjust  these  time  estimates  for  their  individual  labor  time 
rates  for  breaks,  meals,  set-up,  shift  changes,  manpower 
loading,  and  productivity  practices.  To  obtain  approximate 
dollar  cost,  $47  per  labor  hour  was  used  which  carries  full 
overhead  costs. 

To  install  a modified  weight  and  balance  system  having  a 
blown  tire  detection  feature  on  a B-747,  for  example, 
requires  rewiring  of  both  power  and  signal  leads  to  each  main 
gear  transducer.  This  requires  the  addition  of  wires  across 
the  aircraft  between  wing  and  body  gear.  One  airline 
planning  to  make  the  change  for  a trial  installation  on  a B- 
747  freighter  estimated  the  rewiring  and  other  installation 
would  take  approximately  180  hours.  The  cost  for  B-747 
weight  and  balance  Blown  Tire  Indicator  installation  would  be 
approximately  $47/hr  x 180  hours  * $8,460.  A similar 
rewiring  is  required  for  the  L-1011  weight  and  balance  system 
modification  which  has  been  estimated  at  approximately  95 
hours  or  $4,465. 


TABLE  4 

INSTALLATION  COSTS 
COCKPIT  TP I SYSTEMS 
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TPI  SYSTEMS  HARDWARE  COST 


Approximate  costs  for  wheel  mounted  gauges  and  devices  and 
cockpit  Indicating  systems  have  been  obtained  and  are  shown 
In  Table  5.  The  prices  are  grouped  by  major  system  category. 
The  prices  are  In  most  cases  budgetary  and  are  generally  on 
the  high  side  of  the  prices  obtained  for  each  system  and 
assume  quantity  orders. 

Cost  of  spares  has  not  been  estimated  or  calculated.  Based 
on  system  costs  each  airline  may  apply  their  factors  to 
estimate  spare  costs.  It  should  be  noted,  however,  that  the 
specific  device  or  system  design  has  some  impact  on  spares 
costs*  For  example,  if  fill  valve/gauges  are  purchased  with 
color  coded  dial  faces,  an  airline  may  have  to  stock  two  and 
in  some  cases  three  (DC-10-30/40)  part  number  gauges  per 
aircraft  type  whereas  without  color  coding  one  gauge  may  be 
purchased  for  an  entire  fleet.  This  is  also  true  for 
pressure  switch  systems  such  as  Concept  C,  H,  I,  J,  and  K 
which  require  a pressure  switch  for  each  different  pressure 
warning  level.  In  these  cases  the  spares  cost  should  be 
relatively  higher  than  for  a pressure  transducer  that  may  be 
installed  at  any  wheel  location. 

J.  TPI  DEVICE  AND  SYSTEM  WEIGHT  SUMMARY 


The  tire  pressure  indicating  system  device  and  system  weights 
are  given  in  Table  6.  The  hardware  weights  are  relatively 
accurate  based  on  well  known  weights.  The  wiring  weights  are 
rough  estimates.  In  general  the  systems  in  each  major 
category  are  approximately  equal  in  weight;  little  variation 
is  shown.  One  variation  in  wiring  weight  should  be  noted 
with  Concept  H and  J which  require  4 wires  per  wheel  instead 
of  2 as  in  all  other  systems.  The  actual  wiring  weight  would 
be  higher  for  these  two  concepts  than  is  shown  for  the 
overall  category. 


TABLE  5.  TPI  HARDWARE  COST 


^''"''--^Prlce 

Concept  ' 

Per 

6-wheel  acft 

Concepts  A and  B 

Fill  Valve/Gage 
(Approx  $125  ea) 

$750 

Concept  C 

Switch -$100  ea/wheel 
Interrogator  - $500  ea 

$600  (6  wheels) 
$1,000  (2  units) 

Co/icepts  D,  E,  F,  G 
Analog  Pressure 

$17  - 19,000 

Concepts  H,  I,  J,  K 
Discrete  Pressure 

$10  - 13,000 

Concepts  L and  M 

Add  on  only 
to  existing  weight 
and  balance  system 

N/A 

Concept  N 

Wheel  Speed 

$6,000 

i 

Per 

10-wheel  acft 


$1,250 


Per 

18-wheel  acft 


$2,250 


$6,000* 


$8,000 


$30  - 34,000 


$22  - 26,000 


$8  - 9,000 


$10,000 


NOTE:  Cost  estimates  are  budgetary  and  In  most  cases  have  been  arbitrarily 
Inflated  to  allow  for  possible  price  Increases  through  1979. 

♦Estimate  only. 


TABLE  6 

WEIGHT  SUMMARY;  TPI  CANDIDATE  SYSTEMS 
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IV.  COST-EFFECTIVENESS  STUDY  AND  RESULTS 


In  attempting  to  determine  the  cost-effectiveness  of  wheel 
mounted  fill  valve /gauges , concepts  A,  B,  and  C,  it  was  very 
difficult  to  determine  what  damage  costs  might  be  avoided  by 
their  use.  There  are  some  in  the  aircraf t/airline  industry 
that  believe  that  wheel  mounted  gauges  will  help  avoid  a 
significant  percentage  of  damage  costs  by  encouraging  closer 
monitoring  of  tire  pressures.  Also,  as  mentioned  in  the 
Maintainability  Section  the  fill  valve/gauges  can  provide  a 
significant  reduction  in  tire  maintenance  cost  by  reducing 
the  time  for  tire  pressure  checks  once  the  reliability  of  the 
devices  is  demonstrated.  Due  to  the  relatively  low  cost  of 
the  gauges,  almost  any  reduction  in  maintenance  or  damage 
cost  resulting  from  their  use  will  make  the  gauges  very  cost- 
effective.  It  is,  therefore,  a general  conclusion  of  this 
study  that  fill  valve/gauges  are  cost-effective  for  all  the 
study  aircraft  if  for  no  other  reason  than  the  possible 
reduction  in  tire  pressure  check  times. 

Most  of  this  study  effort  is  concentrated  on  cockpit  systems 
cost-effectiveness  (i.e.)  effectiveness  in  avoiding  tire 
failures  after  leaving  the  "gate".  The  study  was  unable  to 
quantify  what  percentage  of  the  damage  cost  resulting  from 
tire  problems  (underinflation)  occurred  after  the  aircraft 
left  the  gate.  Had  this  been  possible  a relative  cost 
effectiveness  comparison  between  wheel  mounted  fill 
valve/gauges  and  cockpit  systems  could  have  been  made.  There 
were,  however,  some  well  documented  instances  where  tire 
pressures  were  checked  at  the  ramp  and  found  to  be  o.k.  and 
the  aircraft  experienced  a severe  tire  failure  on  takeoff. 
Therefore,  the  cost-effectiveness  of  cockpit  systems  has  been 
considered  without  regard  to  how  much  of  those  costs  could 
have  been  eliminated  by  wheel  mounted  fill/valve  gauges. 


TPI  Hardware  Costs 


The  total  cost  of  a TPI  system  installation  on  a given 
aircraft  is  the  sum  of  the  hardware  cost,  installation  cost 
and  maintenance  cost.  Each  group  of  system  concepts  has  been 
evaluated  with  the  results  given  in  Table  7.  The  relative 
complexity  of  the  analog  systems  and  more  difficult 
installation  make  a substantial  cost  difference  between  them 
and,  for  example,  the  concept  N wheel  speed  approach.  All 
costs  are  based  on  a 50,000  landing  aircraft  design  life. 

Damage  Costs  Avoided 

A direct  comparison  is  made  between  the  cost  of  each  system 
type  and  the  damage  cost  which  can  be  avoided  by  the 
installation  of  a TPI  system.  The  damage  cost  calculations 
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*THIS  COST  IS  ONLY  FOR  ADD-ON  TO  EXISTING  SYSTEMS.  DC-8,  DC-9,  B707,  B727,  B737  DO  MOT  HAVE  EXISTING  SYSTEMS 
DC-10  DOES  BUT  THE  HEIGHT  AND  BALANCE  SYSTEM  MANUFACTURER  IS  NOT  OFFERING  BLOWN  TIRE  INDICATOR  HARDWARE. 


and  data  are  thoroughly  explained  In  Appendix  A.  The 
Important  conclusion  arrived  at  In  Appendix  A,  In  addition  to 
the  damage  cost  estimates  for  each  aircraft  type.  Is  that  a 
good  cockpit  TPI  system  should  be  able  to  reduce  damage  costs 
by  65.7%.  (As  mentioned  above,  the  study  was  not  able  to 
determine  what  percentage  of  this  figure  the  fill  valve/gauge 
might  contribute.)  The  data  in  Table  8 shows  the  cost  of 
each  system  type  compared  to  the  damage  cost  avoided.  The 
damage  cost  avoided  was  obtained  by  multiplying  the  damage 
cost  per  departure  for  each  aircraft  x 50,000  landing  design 
life  x (.657). 

The  conservative  damage  cost  numbers  in  Appendix  A are 
believed  justified  since  tire  improvements  and  improved 
maintenance  practices  should  keep  these  costs  down  in  the 
future  compared  with  the  data  derived  from  the  1973-1976  time 
period.  Even  with  the  more  conservative  damage  cost  figures 
some  aircraft  such  as  the  DC-10  and  B-747  appear  to  clearly 
benefit  from  a TPI  system  while  aircraft  such  as  the  B-727 
would  not  from  a strictly  damage  cost  avoidance  approach. 


TABLE  8 

ESTIMATED  AIRCRAFT  DAMAGE  COSTS  AVOIDED  BY  COCKPIT  TPI  SYSTEMS 


COST  OF 

COST  OF 

COST  OF 

COST  OF 

DAMAGE 

ANALOG 

INDIRECT  WEIGHT 

DISCRETE 

COST 

PRESSURE 

AND  BALANCE 

PRESSURE 

AVOIDED 

AIRCRAFT 

($) 

($) 

($) 

($) 

($) 

DC-8 

60,808 

N/A 

15,636 

45,413 

37,778 

DC-9 

33,327 

N/A 

9,493 

26,393 

11,826 

DC-10-10 

61,932 

N/A 

16,108 

46,722 

128,115 

DC-10-30/40 

79,495 

N/A 

18,999 

56,984 

128,115 

B707 

61,203 

N/A 

15,736 

45,655 

8,870 

D727 

36,707 

N/A 

10,713 

29,087 

3,942 

B737 

34,214 

N/A 

9,813 

27,100 

14,454 

B747 

113,867 

57,870 

22,295 

74,480 

167,864 

L-1011 

59,325 

24,739 

15,448 

45,130 

23,652* 

Maintenance  Cost  Savings 

Three  of  the  proposed  system  concept  groups,  i.e.,  the 
indirect  weight  and  balance  system,  the  wheel  speed  system 
and  the  discrete  pressure  systems  will  not  produce  any 
maintenance  cost  savings.  The  analog  systems  that  can  read 
actual  tire  pressure  do  offer  cost  savings  by  reducing  tire 
check  times  (see  Maintainability  section).  The  maintenance 
cost  calculations  are  based  on  a 50,000  landing  design  life 
and  with  the  assumption  that  tire  pressures  are  checked  once 
a day.  Thus,  the  average  number  of  flights  per  day  for  each 
aircraft  fleet  is  used  to  determine  the  number  of  times  tires 
are  checked  which  then  gives  potential  maintenance  cost  that 
could  be  saved.  By  this  method  a DC-9  that  averages  8 
flights  per  day  will  have  a significantly  lower  cost  saving 
than  a DC-10  series  30/40  with  a little  over  two  flights  per 
day . 

Realistically  all  hand  tire  checks  will  not  be  eliminated  on 
a TPI  equipped  airplane.  Therefore  a column  was  added  in 
Table  9 that  gives  an  arbitrary  50%  reduction  in  maintenance 
costs.  These  maintenance  costs  can  be  factored  by  a 
potential  TPI  user  based  on  planned  system  usage. 


TABLE  9.  POTENTIAL  MAINTENANCE  COST  SAVING 
FOR  ANALOG  TPI  SYSTEMS 


AIRCRAFT 

" 

COST  OF  ANALOG 
PRESSURE  CONCEPT  ($) 

MAINTENANCE 
SAVING  COST  ($) 

50  PERCENT  OF 
MAINTENANCE 
SAVING  COST  ($) 

DC-8 

60,808 

186,180 

93,090 

DC-9 

33,327 

32,500 

16,250 

DC-10-10 

61,932 

145,400 

72,700 

DC- 10-30/40 

79,495 

193,000 

96,500 

B707 

61 ,203 

163,570 

81,785 

B727 

36,707 

49,640 

24,820 

B737 

34,214 

42,050 

21 ,025 

B747 

113,867 

391 ,000 

- 

195,500 

L-1011 

59,325 

106,020 

53,010 
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Other  Costs 


As  noted  in  the  hardware  cost  section,  TPI  system  spares 
costs  have  not  been  included.  These  can  be  traded  off 
against  delay  and  cancellation  costs  which  were  also  not 
specifically  included  due  to  insufficient  information.  From 
the  one  airline  that  did  report  these  costs,  however,  delay 
and  cancellation  costs  appear  to  be  as  significant  if  not 
more  so  than  damage  costs.  Both  spares  costs  and  delay  and 
cancellation  costs  that  might  be  avoided  should  not  be 
overlooked  by  an  airline  when  considering  the  purchase  of  TPI 
systems . 

I 
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RESULTS  OF  ANALYSIS  OF  COCKPIT  INDICATING  SYSTEMS 


Concept  D - Tire  Condition  Sensor  (Analog  Pressure  - Cockpit) 

It  should  be  noted  that  this  is  a sampling  system  that  takes 
2.5  to  3.0  seconds  to  sample  ten  wheels  so  the  maximum 
indication  delay  could  be  3 seconds  after  exceeding  a 
threshold  pressure  criterion  on  takeoff  roll.  Design 
availability  status  is  as  follows: 

1.  System  testing  limited  to  laboratory.  Hardware  is 
designed  and  built  for  DC-10  and  B-747  wheel  and  hub 
assembly.  Accuracy  should  be  proven  in  actual  aircraft  test. 
Accuracy  depends  on  pressure  transducer  selected  and 
stability  of  rotating  electronics  with  temperature  and 
component  aging. 

2.  Microprocessor  based  system  with  analog  data 
processing  should  provide  maximum  rejection  of  false 
warnings.  Detailed  failure  mode  and  effects  analysis  must  be 
completed  to  ensure  that  specific  component  failure  in 
rotating  (wheel)  electronics  do  not  cause  undetectable  false 
warnings.  (This  comment  applies  for  nearly  every  system 
analyzed . ) 

Concept  E - Tire  Pressure  Indication  (Analog  Pressure  - 
Cockpit) 

This  system  was  claimed  by  the  manufacturer  to  offer  the 
highest  system  accuracy  at  lowest  cost  of  all  the  analog 
approaches.  High  accuracy  might  be  achieved  by  immediate 
analog  to  digital  word  conversion  in  the  rotating  (wheel) 
electronics  proposed  for  this  system.  Accuracy  would  have  to 
be  proven  by  test.  The  system  is  at  the  conceptual  stage  of 
development . 

Concept  F - LVDT  System  (Analog  Pressure  - Cockpit) 

Of  the  analog  pressure  systems  analyzed,  the  LVDT  or  load 
cell  actuated  bellows  approach  may  have  the  highest  error  due 
to  transducer  tolerance  and  bellows  hysteresis.  Overall 
readout  accuracy  should  be  acceptable,  however,  because 
system  is  simpler  by  eliminating  need  for  electronic  circuits 
in  the  hub  cap;  (required  by  Concepts  D and  E)  system 
drawback,  appears  however  to  be  the  requirement  to  bring  tire 
air  into  the  hub  area  across  the  hub  cap  wheel  interface. 

Concept  G - Tire  Pressure  Indication  Via  Slip  Rings  (Analog 
Pressure  - Cockpit) 

This  system  proposes  a slip  ring  for  bridging  the  wheel  to 
axle  gap.  A complete  evaluation  of  the  suitability  of  slip 
rings  for  this  application  is  considered  beyond  the  scope  of 


this  report.  However,  the  manufacturer  has  claimed  actual 
small  aircraft  and  highway  vehicle  experience  with  good 
results . 

No  information  was  provided  to  determine  if  a four  contact 
slip  ring  is  required  for  a strain  gauge  transducer,  or  two 
contacts  for  a variable  resistance  potentiometer  transducer. 

Two  electrical  connectors  might  be  required  to  bridge  the  hub 
cap  for  a slip  ring  since  the  slip  rings  should  not  be 
separated  when  the  hub  cap  is  removed  as  primary  and 
secondary  coils  in  a transformer /coupler  installation. 

Although  not  claimed  by  the  manufacturer  a direct  transducer 
connection  without  intervening  data  conversions  and  with 
digital  noise  filtering  potentially  may  offer  the  higher 
system  accuracy. 

Concept  H - Tire  Deflation  VJarning  (Discrete  Pressure  - 
Cockpit ) 

This  particular  design  represents  one  of  the  most  promising 
of  the  discrete  pressure  sensing  systems  that  were  evaluated. 
The  specific  pressure  switch  design  is  quite  simple  and 
rugged  and  the  electronic  circuits  have  been  designed  with 
attention  to  avoidance  of  false  warnings.  This  attention  to 
eliminating  false  warnings  goes  quite  far  toward  removing  the 
main  objections  raised  about  discrete  sensing  systems  in  this 
study . 

Hard  w a re  has  been  fully  developed  and  laboratory  tested.  The 
basic  pressure  switch  design  has  been  in  production  for 
highway  vehicle  systems. 

Sensitive  features  of  this  system  are  that  it  requires  4 
wires  per  wheel  (instead  of  2 for  most  other  systems),  it 
cannot  provide  an  indication  statically  and  in  flight, 
under inf lation  must  exceed  30  + psi  before  detection,  and  it 
is  difficult  to  determine  if  the  system  is  working  properly 
(able  to  correctly  warn  of  an  underinf lated  tire). 
(Preliminary  results  from  a similar  system  concept  in  test  on 
a DC-10  have  substantiated  the  concerns). 

Concept  I - Differential  Valve  (Discrete  Pressure  - Cockpit) 

This  system  is  potentially  one  of  the  simpler  approaches  with 
a differential  valve  at  the  tire  fill  valve  with  a sight 
indicator  showing  when  the  tire  is  low  and  the  valve  has 
tripped.  The  tendency  of  the  system  to  be  susceptible  to 
false  warnings  has  been  recognized  by  adding  a pressure 
transducer  that  will  be  connected  to  the  computer  via  slip 
rings  when  the  differential  valve  has  tripped  due  to  low  tire 
pressure. 
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The  system  is  at  the  conceptual  stage  of  development.  A 
somewhat  similar  differential  valve  driving  a sight  or  "pop- 
up" indicator  is  in  production  for  automobiles  and  highway 
vehicles. 

The  drawbacks  to  the  approach  are  those  typical  of  most 
discrete  systems  in  that  it  is  difficult  to  determine  if  the 
system  is  reliably  and  correctly  responding  to  a low  tire 
indication  and  the  tire  must  be  substantially  under  inf lated 
before  a warning  is  given.  Although  this  system  indicates 
when  the  aircraft  is  static  or  moving  it  may  not  provide  a 
reliable  indication  when  the  tire  fails  explosively.  Tire 
air  is  required  to  energize  the  bellows  to  engage  the  slip 
rings.  Sufficient  air  may  not  be  available  considering  valve 
response  time  and  time  to  read  transducer  signal  before  the 
tire  fails  explosively.  Also  the  system  is  somewhat 
complicated  by  the  addition  of  the  pressure  transducer  which 
seems  to  be  valuable  for  prevention  of  false  warnings  but  the 
transducer  information  is  only  available  when  the  tire  is 
under  inf lated . 

Concept  J - Discrete  TPI  System  (Direct  Pressure  - Cockpit) 

This  system  has  been  developed  for  highway  vehicles.  The 
approach  is  well  thought  out  but  it  has  not  been  seriously 
proposed  for  aircraft. 

Concept  K - Discrete  TPI  System  Via  Hub  Mounted  Switches 
(Cockpit ) 

This  system  is  in  operation  on  many  highway  vehicles  and  is 
quite  simple.  It  has  not  been  proposed  for  aircraft. 

Concepts  L,  M,  and  0 - W eight  and  Balance  System  Approach 

The  technical  approach  of  using  differential  bogie  strain  to 
indicate  a substantially  under inf  la  ted  tire  is  acceptable. 
This  system  coupled  with  tire  fill/valve  gauges  on  each  tire 
may  be  an  optimized  solution  to  minimizing  the  problem  of 
tire  failures  and  associated  costs  of  aircraft  damage. 
However,  adaptation  and  implementation  of  such  systems  should 
consider  the  following  aspects  of  the  concept. 

1.  Sensitivity  claims  made  (Concept  0)  of  5% 
underinflation  static  and  20%  dynamic  should  be 
substantiated.  Service  evaluation  by  a major  airline  the 
practical  limits  to  be  30%  static  and  50%  dynamic  to  avoid 
false  warnings. 

2.  Very  close  attention  must  be  paid  to  the 
elimination  of  all  false  warnings  in  specific  circuits  (see 
Reliability  Analysis  in  Appendix  B).  These  systems  have  a 
higher  probability  of  false  warnings  than  several  of  the 


analog  pressure  concepts  (D,  E,  F).  It  appears  that  Concept 
M has  not  seriously  considered  the  requirement. 

3.  The  present  most  significant  objection  to  adding 
blown  tire  indication  to  existing  weight  and  balance  systems 
is  the  poor  reliability  of  present  systems.  With  calibration 
drift,  transducer  moisture  contamination  some  airlines  have 
become  discouraged  with  the  systems  and  are  deactivating 
them.  New  efforts  on  the  part  of  existing  manufacturers  and 
new  manufacturers  are  offering  promising  solutions  to  these 
problems  which  make  this  approach  still  v/orthy  of 
consideration. 

Concept  N - Wheel  Speed  Approach 

This  concept  offers  the  most  cost-effective  means  of 
detecting  underinflated  tires  while  the  aircraft  is  rolling. 
The  specific  circuit  design  proposed  appears  excellent  and 
although  monitoring  to  avoid  false  warnings  has  not  been 
included  in  the  initial  design  it  appears  to  be  easily  added. 

The  key  to  the  workability  of  this  concept  is  whether  rolling 
radius  changes  due  to  tire  under  inf  la t ion  substantially 
exceed  normal  changes  between  tires  due  to  tread  wear, 
carcass  growth  and  different  manufacturers'  tire  size  and 
tire  spring  rate  variations.  To  avoid  the  effects  on  tire 
rolling  radius  due  to  runway  crown,  adjacent  tires  or  tires 
on  the  same  strut  should  be  compared.  This  makes  this 
approach  mostly  useful  on  4 wheel  trucks  where  tires 
diagonally  located  can  be  compared.  The  problem  with 
comparing  adjacent  tires  (on  same  axle)  is  that  the 
unde r inf  la t ion  in  one  tire  tends  to  increase  the  load  on  the 
mated  tire  and  therefore  its  deflection  which  tends  to 
minimize  the  difference  in  rolling  radius  between  the  two.  A 
worst  case  study  of  tire  rolling  radius  variables  is  in 
progress  using  NASA  Report  TR-64  as  a technical  basis  with 
specific  tire  information  from  tire  manufacturers.  The 
rasults  of  this  study  will  be  included  in  part  II  of  this  TPI 
study  report  which  covers  flight  test  of  TPI  systems  and  the 
reasons  for  selecting  systems  to  be  tested. 

This  concept  has  been  taxi  tested  with  nominal  (same)  tires 
on  a B-727.  A firm  indication  was  obtained  at  15  kts  taxi 
speed  with  a tire  50%  unde r inf  1 a ted . Across-aircraf t tire 
pairing  was  used.  As  noted  above  across-aircraf t pairing  is 
subject  to  errors  during  aircraft  turning  maneuvers,  due  to 
runway  crown,  and  differential  gear  loading  in  a cross  wind. 
Further  tests  are  planned. 
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VI.  CONCLUSIONS 


Tire  pressure  indicating  systems  are  technically  feasible  for 
all  the  study  aircraft  and  are  potentially  cost  effective,  at 
present,  for  several  of  the  study  aircraft.  Beyond  strict 
cost-effectiveness,  cockpit  pressure  indicating  systems  are 
carefully  designed  to  avoid  false  warnings  can  reduce 
aircraft  damage  exposure  and  increase  ground  operational 
safety  through  early  warning  of  tire  problems  that  develop 
after  pushback  from  the  terminal  gate,  taxi  to  take-off, 
take-off,  etc. 

This  favorable  conclusion  must  be  tempered  by  several 
factors.  First,  the  data  used  in  the  cost-effectiveness 
study,  although  conservative,  came  from  a period  (1973-1976) 
in  which  a high  tire  incident  rate  was  experienced.  At  least 
two  of  the  six  airlines  reporting  showed  a substantial 
reduction  in  tire  failure  and  damage  cost  rates  since  1975. 
Higher  awareness  of  the  need  for  and  implementation  of  good 
tire  maintenance  programs  can  reduce  the  need  for  TPI 
systems.  Secondly,  the  landing  gear  system  and  aircraft 
manufacturers  are  constantly  improving  the  rolling  assemblies 
of  aircraft  through  stronger  wheels  and  higher  ply  rated 
tires  creating  improved  tire  operational  margins.  Finally, 
there  are  other  studies  being  conducted  into  means  and  cost- 
effectiveness  of  improving  tires  so  that  they  are  capable  of 
accepting  high  overloads  for  short  periods.  The  development 
of  internal  or  external  tire  safety  devices  for  the 
development  of  the  ability  of  a deflated  tire  to  support  a 
high  percentage  of  rated  load  for  a takeoff  and/or  landing 
cycle  could  produce  a reduction  in  the  number  of  costly  dual 
tire  failure  incidents.  Other  developments  such  as  greater 
use  of  x-ray,  ultrasonic  and  holographic  inspection  of  tire 
carcasses  can  further  reduce  the  rate  of  in-service  tire 
failures.  The  effect  of  all  these  improvements  can  alter  the 
derived  cos t - j us t i f i c a t i ons  for  tire  pressure  indicating 
systems . 


There  will  always  be  times,  however,  when  foreign  object 
damage,  wheel  failure,  or  undiscovered  internal  tire 
structural  defects  will  cause  tire  failures.  Tire  indicator 
systems,  although  perhaps  not  as  cost-effective  in  the  future 
for  low  inflation,  will  always  be  useful  in  reducing  exposure 
to  hazards  caused  by  other  types  of  failure.  Each  airline 
can  thus  decide  on  the  basis  of  experience  and  future 
expectations  which  type  of  TPI  system,  if  any,  is  suitable 
for  its  fleet. 

For  reasons  already  cited,  systems  able  to  measure  actual 
tire  pressure  by  analog  means  are  favored  by  this  study. 
These  systems  provide  the  most  accurate  means  of  detecting 
tire  under  inf  la t ion  in  any  flight  condition,  takeoff  or 
landing,  static  or  in  motion;  the  analog  system  allows  easy 


determination  of  whether  it  is  operating  properly  and  can 
provide  through  "reasonableness"  checks  the  most  effective 
means  of  eliminating  false  warnings;  and  the  analog  system 
may  be  used  to  perform  daily  or  more  frequent  tire  pressure 
checks  thereby  reducing  maintenance  costs  by  reducing  the 
need  for  checking  tire  pressures  by  hand. 

Other  systems  such  as  a weight  and  balance  system  with  a 
blown  tire  detection  feature  are  well  suited  for  future 
aircraft  particularly  when  combined  with  tire  pressure  fill 
valve/gauges  mounted  on  each  wheel.  The  fill  valve/gauges 
can  provide  the  ease  of  tire  pressure  checks  reducing 
maintenance  time  while  the  weight  and  balance  system  can 
provide  a warning  of  a significant  tire  problem  after  leaving 
the  terminal.  In  cases  where  a weight  and  balance  system  is 
already  needed,  the  additional  hardware  for  a blown  tire 


system  and  fill  valve  gauges  can  make  a very  cost-effective 


system,  particularly  if  these  features  are  built-in  from  the 


start.  Again  attention  must  be  given  to  eliminating  circuit 
failures  which  cause  false  warnings. 


Recommendations 


Throughout  the  study  it  was  apparent  that  the  exactness  or 
thoroughness  of  the  study  of  different  system  concepts  was 
limited  by  available  information  on  hardware  that  was  not 
fully  developed.  Parts  of  the  study  are  based  on 
manufacturers'  claims  and  predictions  and  are  not  backed  up 
by  actual  laboratory  or  aircraft  test  data.  Before  a final 
system  design  or  selection  can  be  made  some  aircraft 
development  testing  is  required.  This  development  testing  is 
already  underway  at  Douglas  with  a preliminary  design  from 
one  manufacturer  for  a discrete  pressure  sensing  system. 
Tests  of  up  to  three  advanced  systems  are  planned  for  another 
DC-10  test  aircraft  late  in  1978.  The  results  of  these  tests 
will  be  reported  in  part  II  of  this  report  in  mid  1979.  Some 
system  design  questions  left  unanswered  in  this  report  should 
be  resolved  by  the  aircraft  development  tests. 


APPENDIX  A 


TIRE  FAILURE  AND  DAMAGE  COST  DATA 


Introduction 


The  intent  of  a tire  pressure  indicating  (TPI)  system  is 
obviously  to  advise  or  warn  of  low  tire  pressure.  With  this 
warning  the  maintenance  and/or  flight  crew  can  take  whatever 
corrective  action  is  necessary  to  prevent  the  possible 
consequences  of  an  underinf lated  tire  namely,  a tire  failure. 
With  this  in  mind,  it  then  becomes  necessary  to  analyze  the 
causes  of  tire  failures  and  the  consequences  of  those  tire 
failures  in  terms  of  cost  and  increased  hazard  exposure. 

For  purposes  of  this  study,  a tire  failure  is  herein  defined 
as  a thrown  tread  or  a blowout.  From  a previous  study 
concerning  the  performance  of  jet  transport  air  carrier 
tires,  it  is  known  that  the  primary  causes  of  tire  failure 
ar  e : 

1.  Foreign  object  damage  (FOD) 

2.  Underinf lation 

3.  Abuse  or  misuse 

4.  Defects  in  the  recap  procedure 

By  making  a detailed  study  of  the  causes  for  aircraft  tire 
failures  for  the  years  1973-1976  data  on  damage  costs  to 
aircraft  have  been  collected  for  each  study  aircraft.  These 
costs  were  then  factored  to  isolate  those  costs  which  might 
be  avoided  by  using  a TPI  system. 

There  were  various  sources  used  to  obtain  the  necessary  data. 
The  main  sources  used  were  the  ICAO  World  Accident  Summary, 
NTSB  accident  summary,  and  the  FAA  Service  Difficulty  Reports 
(SDR's).  These  sources  for  the  years  1973-1976  provided  a 
good  summary  of  tire  related  accidents  and  major  incidents 
but  were  poor  statistical  bases  for  failure  rate  and  damage 
cost  data. 

To  obtain  better  statistical  tire  failure  data  airline  tire 
failure  data  was  acquired.  Twelve  airlines  were  invited  via 
letter  and,  in  some  cases,  personal  contact  to  supply  tire 
data  for  the  study.  These  airlines  had  been  identified  as 
good  potential  sources  of  under inf lated  tire  failure  and 
damage  cost  data.  They  were  selected  on  the  basis  of  fleet 
size,  type  of  airplane  in  fleet  (to  cover  all  aircraft  in 
study  B-707 , B-727,  B-737,  B-747,  DC-8,  DC-9,  DC-10,  L-1011), 
tire  data  availability  and  known  or  potential  willingness  to 
assist  in  the  study.  These  airlines  include  domestic  and 
European  operators  with  fleets  covering  the  range  of  study 
aircraft.  The  airline  supplying  the  data  is  coded  by  #1,  #2, 


etc.  For  reasons  of  anonimity,  the  same  airline  is  not 
always  the  same  number  in  each  table. 

To  encourage  accurate  analysis,  several  specific  questions 
were  asked  to  obtain  similar  data  from  all  airlines.  The 
specific  information  requested  was: 

1.  The  total  number  of  tires  removed  due  to 
under  inf lat ion  per  tire  size  and  ply  rating  in  the  specified 
time  period.  Specific  categories  should  be:  Low  or  flat  as 
a result  of  a wheel  leak,  defective  tire  or  foreign  object 
damage;  tire  failures  (blowouts)  for  all  causes;  tire 
failures  due  to  underinf lation ; thrown  tread  for  all  causes 
and  thrown  tread  due  to  underinflation.  Tire  failure  and 
thrown  tread  data  as  a direct  result  in  underinflation  is  a 
most  important  source  of  information  for  this  study.  If 
exact  numbers  were  not  available,  please  submit  your  expert 
opinion  of  the  number  of  each  which  were  suspected  to  have 
initiated  a premature  removal  as  a result  of  underinflation. 

2.  The  total  number  of  tires  by  size  and  ply  rating 
removed  in  this  time  period  for  all  causes,  including  wear. 

3.  The  number  of  incidents  in  which  a tire  failure 
(loss  of  inflation)  or  thrown  tread  resulted  in  airframe 
damage . 

4.  Actual  repair  costs  for  each  incident  in  which  a 
tire  failure  or  thrown  tread  caused  airframe  damage.  These 
data  need  not  be  identified  by  accident  location  or  fuselage 
number  but  must  be  identified  as  to  aircraft  type,  such  as: 
DC-8,  incident  1,  incident  2,  and  so  on.  Also  if  aircraft 
delay /cancellation  costs  are  significant,  please  include 
those,  if  available,  but  segregate  them  from  the  actual 
repair  cost. 

5.  Which  of  the  noted  incidents  in  item  4 are 
positively  identified  or  highly  suspected  as  being  caused  by 
underinflation  ? 

6.  When  do  the  failures  that  are  a result  of  loss  of 
tire  pressure,  FOD,  blowouts,  severe  leaks,  etc.  occur  - 
landing,  taxi  in,  ramp,  taxi-out,  takeoff  roll? 

7.  Are  blown  or  leaking  fuseplugs  a significant  cause 
of  tire  deflation? 

Six  excellent  responses  were  obtained  from  the  airlines.  As 
anticipated,  it  was  difficult  to  identify  a broad  data  base 
from  which  to  obtain  well  substantiated  damage  costs  related 
to  tire  underinflation.  One  airline  for  example,  provided 
good  tire  failure  related  damage  data  but  was  unable  to 
differentiate  between  damage  that  may  have  resulted  from 


underinf lation  and  other  types  of  tire  failures.  Another 
airline  believed  that  delay  and  cancellation  costs  should  be 
included  in  the  cost  effectiveness  study  but  admitted  that 
such  costs  would  be  difficult  to  identify  and  isolate  to  a 
specific  instance. 

Service  Difficulty  Reports  (SDR's)  at  first  seemed  to  contain 
much  useful  information.  However,  after  many  hours  of 
careful  analysis  and  tabulation,  the  results  were  not 
particularly  valuable  for  statistical  summaries. 

Discrepancies  were  found  when  the  tabulated  results  were 
compared  to  the  more  complete  airline  data.  Although  a few 
tire  failure  rate  data  points  compared  reasonably  well  most 
of  the  SDR  tabulations  showed  tire  failure  rates  for  a 
particular  aircraft  type  well  below  the  average  airline  data 
summaries.  Therefore,  the  tire  failure  study  will  mainly 
center  on  the  airline  supplied  data.  It  is  believed  that 
since  only  6 airlines  submitted  valuable  data,  it  might  not 
provide  an  adequate  data  base  from  which  to  draw  broad 
conclusions.  However,  these  data  are  expected  to  give 
indicative  failure  rates  and  damage  costs  that  enhances  the 
study  of  tire  pressure  indicating  (TPI)  systems  and  provides 
some  basis  for  determining  their  cost  effectiveness.  The 
following  summarizes  the  results. 

Study  Results 

a . Probability  of  flat  or  low  tire  on  a given  takeoff: 
Before  the  aircraft  takes  off,  there  is  a significant 
probability  of  flat  or  low  tire  due  to  foreign  object  damage, 
tires  finally  failing  from  carcass  damage  caused  by 
under  inf la t ion , defects  within  the  tires,  etc.  The  following 
tabulation  provides  data  for  different  aircraft. 

In  Tables  A-I-A  & A-I-B,  the  calculation  was  done  with  three 

of  the  six  airlines  providing  useful  flat  and  low  tire  data. 

Note  that  the  numbers  vary  greatly  due  to  an  inadequate  data 
base  for  each  aircraft  type.  Each  number  is  found  based  on 
the  total  number  of  departures  and  the  total  number  of  flat 
or  low  tires  reported  by  each  airline.  Due  to  the  great 

variance  in  numbers  reported  it  was  decided  to  total  up  all 

the  number  of  departures  and  flat  or  low  tires  for  all  types 
of  aircraft  among  the  three  airlines.  The  average  comes  out 
to  be  1291.  That  is,  the  rate  in  which  a flat  or  low  tire 
occurs  on  a given  departure  is  one  in  every  1291  departures. 
Note  that  definition  of  departure  in  this  situation  actually 
refers  to  when  the  tire  is  low  or  flat  for  any  takeoff- 
landing cycle.  The  numbers  do  not  include  flats  due  to 
antiskid  malfunctions  which  cause  skid  through  tire  failures. 
Flats  or  low  pressure  tires  are  normally  detected  at  the  ramp 
prior  to  departure.  This  data  gives  some  idea  of  how  often  a 
TPI  system  may  be  called  upon  to  provide  a useful  indication 
warning  of  a flat  or  low  pressure  tire. 
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TABLE  A-I-A 

SUMMARY  - NUMBER  OF  DEPARTURES  PER  FLAT  OR  LOW  TIRE 
(1973-1976) 


AIRCRAFT 

AIRLINES 

DC- 9 

8727 

8707 

8747 

L-1011 

DC- 10 

DC-8 

B707* 

B747 

AIRLINE  NO.  1 

1095 

1593 

389 

167 

732 

N/A 

N/A 

N/A 

AIRLINE  NO.  Z 

N/A 

2395 

N/A 

N/A 

N/A 

4447 

N/A 

3139 

AIRLINE  NO.  3 

3112 

N/A 

N/A 

2466 

N/A 

41,263 

15,647 

N/A 

“AVERAGE  FOR 

ALL  THREE  AIRLINES 

2068 

2006 

389 

376 

732 

7077 

15,647 

3139 

NOTE:  1.  N/A  MEANS  DATA  NOT  AVAILABLE  OR  NOT  SUPPLIED. 

2.  ALL  NUMBERS  ARE  DEPARTURES  PER  FLAT  OR  LOW  TlRE. 


*ONE  AIRLINE  GIVES  DATA  ON  B707  AND  B747  TOGETHER  BECAUSE  BOTH  AIRCRAFT  USE  THE  SAME 
SIZE  TIRE. 

“AVERAGE  FOR  THREE  AIRLINES  IS  COMPUTED  BY  THE  FOLLOWING  METHOD: 


LET 


A,  = TOTAL  NUMBER  OF  DEPARTURES  FOR  AIRLINE  NO.  1 

A?  * TOTAL  NUMBER  OF  DEPARTURES  FOR  AIRLINE  NO.  2 

Ai  = TOTAL  NUM8ER  OF  DEPARTURES  FOR  AIRLINE  NO.  3 

Bi  = TOTAL  NUMBER  OF  FLAT  OR  LOW  TIRES  FOR  AIRLINE  NO.  1 

B,  = TOTAL  NUMBER  OF  FLAT  OR  LOW  TIRES  FOR  AIRLINE  NO.  2 

B3  * TOTAL  NUMBER  OF  FLAT  OR  LOW  TIRES  FOR  AIRLINE  NO.  3 


AVERAGE 


(Ai  + A2  + A3) 
(81  + B?  + B3) 


b . Rate  of  incidents  of  tire  failures  causing  damage: 
According  to  airline  data,  tire  failures  during  takeoff  can 
cause  airframe  damage  even  if  no  abort  results.  High  damage 
cost  is  incurred  if  the  tire  failure  also  causes  engine 
damage.  A flat  tire,  will  transfer  its  load  to  its  mate. 
However,  this  extra  load  can  induce  a blowout  of  the  mated 
tire  due  to  overload.  The  highest  damage  costs  have  been 
incurred  during  dual  tire  failure  aborts.  TABLE  A-ll 
summarizes  the  frequency  of  tire  failure  incidents  causing 
airframe  damage.  Overall  average  was  computed  taking  the 
total  number  of  tire  failure  incidents  for  all  airlines  for 
each  aircraft  type  and  dividing  that  into  the  total  number  of 
damage  incidents  per  aircraft  type. 

Table  A-II  gives  a good  indication  of  the  rate  of  incidents 
of  tire  failure  causing  airframe  damage.  By  taking  the 
average  of  the  overall  result  from  each  aircraft,  one  obtains 
41.4%  for  the  entire  fleet  for  all  five  airlines.  From  the 
SDR  summary,  it  was  found  to  be  87.5%.  It's  very  likely  that 
SDR  data  might  not  record  the  more  minor  tire  failures  while 
recording  the  major  or  serious  incidents,  thus  giving  a higher 
percentage.  This  is  consistent  with  previous  comments  made 
on  the  statistical  value  of  the  SDR  data  base. 


TABLE  A-l-B 
(1973-1976) 

PROBABILITY  OF  FLAT  OR  LOW  TIRE  ON  A GIVEN  TAKEOFF 


c . Rate  of  incidents  of  tire  failure  due  to  under inf lat ion : 
The  rate  of  incidents  of  tire  failure  including  thrown  treads 
and  blowouts  due  to  under  inf lation  is  reported  in  Table  A- 
III.  This  is  particularly  difficult  data  to  obtain  since  it 
is  often  difficult  to  determine  the  cause  of  failure  after  a 
tire  has  blown  and  the  carcass  largely  destroyed.  In  some 
cases  of  thrown  treads,  when  the  tire  remains  inflated,  a 
tire  pressure  check  can  reveal  an  under inf lated  condition. 

In  cases  where  the  pressure  is  normal  it  is  often  possible 
that  the  carcass  was  damaged  some  time  earlier  by  having  been 
run  underinflated  by  evidence  of  inner  liner  wrinkling  and 
other  symptoms  of  o verdef lec t ion/under inf  la t ion . 

It  is  important  to  note  in  this  data,  that  in  each  case  where 
the  airline  was  able  to  identify  underinf lation  as  a factor 
in  an  incident,  that  incident  involved  aircraft  damage.  In 
other  words,  the  underinf lated  tire  failure  incidents 
reported  by  the  four  airlines  caused  aircraft  damage  in  all 
cases . 


TABLE  A-II 

PERCENT  TIRE  FAILURE  INCIDENTS  CAUSING  AIRFRAME  DAMAGE 

(1973-1976) 


^^Aircraft 
Ai  rl  i nes^\^ 

DC-8 

DC-9 

DC-10 

B727 

B707/B747 

B747 

* 

Airline  1 

N/A 

N/A 

N/A 

N/A 

N/A 

N/A 

37.7% 

Airline  2 

100% 

90% 

60% 

N/A 

55.6% 

N/A 

N/A 

Airline  3 

28.6% 

N/A 

40% 

N/A 

N/A 

N/A 

N/A 

Airline  4 

N/A 

N/A 

100% 

33.3% 

N/A 

27.8% 

N/A 

Airline  5 

35% 

63.6% 

42.9% 

N/A 

57.1% 

N/A 

N/A 

Average  for 

All  5 Airlines 

37.8% 

69.8% 

52.6% 

33.3% 

56.5% 

27.8% 

37.7% 

♦Total  rate  for  one  airline  without  specifying  the  type  of  aircraft 


TABLE  A— I I I 


PERCENT  TIRE  FAILURE  INCIDENTS  DUE  TO  UNDERINFLATION 

(1973-1976) 


^^^^Aircraft 

DC-8 

DC-9 

DC-10 

B747 

B727 

B707/B747* 

Airlines 

Airline  1 

28.6% 

50% 

20% 

33.3% 

N/A 

N/A 

Airline  2 

20% 

N/A 

0% 

N/A 

N/A 

N/A 

Airline  3 

M/A 

N/A 

100% 

N/A 

33.3% 

27.8% 

Airline  4 

30% 

33.3% 

14.3% 

7.14% 

N/A 

N/A 

Total  Average 
for  All  Airlines** 

25.6% 

37.2% 

21.1% 

17.4% 

33.3% 

27.8% 

*Due  to  the  tire  size  being  the  same,  this  particular  airline  grouped  both 
B707  and  B747  together 

'♦Average  for  all  aircraft  types  is  27.2% 


As  found  in  Table  A-II,  the  percentage  of  tire  failure 
incidents  that  caused  aircraft  damage  and  contributed  to 
aircraft  damage  cost  is  41.4%  (or  41.4  out  of  100  incidents). 
Per  Table  A-III,  27.2%  of  tire  failures  are  caused  by 
underinf lation,  but  all  of  the  27.2%  caused  aircraft  damage. 
So  the  percentage  of  damage  cost  due  to  underinf lation  is 
27.2%/41.4%  x 100  • 65.7%.  So  65.7%  of  the  damage  cost  can 
be  attributed  to  underinflation  related  tire  failures.  If  we 
assume  that  a tire  pressure  indicating  system  will  provide 
early  warning  of  this  underinflation  condition,  then  a good 
TPI  system  night  save  65.7%  of  the  aircraft  damage  cost 
incurred  on  any  given  aircraft  type  by  tire  failures.  This 
is  the  figure  then  used  in  the  cost-effectiveness  study. 


d.  Actual  damage  cost  per  departure;  Several  airline's 
data  does  include  a thorough  damage  cost  estimate  for  each 
aircraft.  It  appears  that  the  data  is  biased  to  the  major 
Incidents.  A minor  incident  which  inputs  a small  amount  of 
damage  cost  is  often  not  recorded.  Because  of  this  some 
respondents  consider  the  damage  costs  reported  to  be 
conservative.  The  following  table  gives  the  damage  cost 
tabulation  for  the  1973-1976  time  period. 

The  damage  costs  reported  in  Table  A-IV-A  are  as  accurate  as 
possible  with  two  exceptions.  There  was  one  incident  for  the 
B-747  and  one  for  the  DC-10  in  which  damage  costs  were  so 
high  that  the  overall  damage  costs  per  departure  would  have 
increased  from  $0.72  to  over  $2.00^the  per  departure  cost  for 
the  B-747  would  have  been  over  $13.00;  over  $9.00  for  the  DC- 
10.  With  the  small  data  base,  these  incidents  were 
overwhelming  in  their  influence  and  it  was  decided  to 
eliminate  them  to  be  conservative  in  the  cost-effectiveness 
study.  It  should  be  noted,  however,  that  the  major  incidents 
provide  the  clearest  indication  of  a need  for  a cockpit 
indicating  tire  pressure  system  since  in  these  cases,  early 
warning  of  tire  problems  may  have  substantially  reduced 
aircraft  damage.  A more  detailed  tire  failure  related  damage 
cost  calculation  is  shown  in  Table  A-IV-B. 

It  is  also  worthy  of  note  that  no  or  little  data  was  obtained 
on  the  L-1011  for  this  study.  There  is  evidence  in  the 
incident  summary  that  the  L-1011  has  experienced  tire 
failures  with  attendant  aircraft  damage  but  no  information 
was  obtained  from  any  of  the  twelve  airlines  campaigned. 


TABLE  A-IV-A 

AIRLINE  AIRCRAFT  DAMAGE  COSTS  CAUSED  BY  TIRE  FAILURE 
(1973-1976) 


TOTAL  AMOUNT  OF  DAMAGE  COST  = $1,573,256 
TOTAL  DEPARTURES  = 2,189,035 

RATE  OF  DAMAGE  COST  PER  DEPARTURE  • 


m 


e . Actual  delay  and  cancellation  costs  per  departure: 
Insufficient  data  were  received  on  this  topic.  As  pointed 
out  earlier,  such  delay  and  cancellation  costs  are  difficult 
to  identify  and  isolate  to  a specific  incident.  Only  one 
airline  had  such  data  available.  One  other  airline  provided 
the  delay  time  in  hours  which  did  not  help  in  arriving  at  a 
result.  Thus  these  costs  were  based  on  the  only  available 
airline  data.  In  covering  the  years  through  1973-1976,  the 
actual  delay  and  cancellation  costs  per  departure  for  the  DC- 
8 was  $1.48,  for  the  DC-9  it  was  $0.07,  for  the  DC-10  it  was 
$6.54,  and  for  the  B-747  it  was  $22.14.  By  totaling  the  cost 
for  all  the  aircraft  an  average  of  $2.79  is  obtained.  This 
refers  to  the  cost  which  resulted  from  delay  and 
cancellations  because  of  tire  failures. 

f.  Costs  of  tire  scrappage:  A preliminary  evaluation 
of  the  costs  that  may  be  avoided  by  reducing  the  scrap  rate 
of  carcasses  due  to  unde r inf  la t ion  related  damage  appear  to 
be  relatively  insignificant.  According  to  data  from  several 
sources,  the  scrap  rate  of  tires  for  wrinkled  inner  liners 
(an  indication  that  tire  has  been  run  underinflated)  varies 
between  1%  and  5%  of  aircraft  tire  rejections.  Looking  at 
the  cost  of  a 737  or  DC-10  tire  at  $460  and  $850  respectively 
and  the  cost  of  a recap  at  $140  and  $160  and  assuming  four 
retreads  and  200  landings  per  tread  or  a carcass  life  of  1000 
landings,  this  gives  a cost  per  tire  landing  of  approximately 
$1.00  and  $1.50  respectively.  If  a tire  pressure  indicating 
(TPI)  system  could  prevent  all  the  tire  scrappage  at  the 
maximum  5%  rate,  this  would  save  $0.05  per  landing  on  a 737 
and  $0,075  per  landing  for  a DC-10.  This  cost,  compared  to  a 
$0.72  per  landing  airframe  damage  cost,  makes  tire  scrappage 
costs  an  insignificant  portion  of  total  costs.  It  is 
therefore,  not  included  in  the  cost-effectiveness  study. 

Summary  of  Damage  and  Delay  Costs 

The  final  analysis  of  the  damage  cost  provides  interesting 
results.  The  aircraft  related  damage  cost  from  tire  failures 
varies  between  $0.12  per  departure  to  over  $5.00  with  an 
average  of  $0.72  per  departure.  The  lower  dollar  figures 
primarily  come  from  narrow  body  aircraft  with  the  wide  body 
aircraft  producing  the  higher  cost  per  departure. 
Statistically  the  narrow  body  aircraft  have  as  many  or  more 
tire  failures,  but  the  cost  per  incident  is  often 
substantially  higher  for  the  wide  body  aircraft. 

The  airframe  damage  cost  per  incident  ranged  from  $3,000  to 
$50,000  as  reported  by  airlines.  One  respondent  not  included 
in  the  above  study  reported  average  damage  costs  per  tire 
failure  incident  of  $40,000.  The  cost  per  incident  can  vary 
widely,  however,  since  a significant  number  of  relatively  low 
cost  incidents,  plus  one  or  two  incidents  that  cost  from 
$200,000  to  $3,000,000  can  occur.  For  example,  one  airline 
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reported  61  tire  related  damage  work  orders  costing  $185,351 
or  an  average  of  slightly  over  $3,000  per  incident  for  one 
year,  but  then  cited  one  B-747  incident  in  that  year  which 
exceeded  the  cost  of  the  total  of  61  other  incidents.  In 
another  case  an  airline  reported  a DC-10  incident  costing 
over  $2.6  million,  primarily  due  to  engine  damage  occurring 
during  the  abort,  as  the  only  incident  on  their  wide  body 
fleet  in  that  year.  This  one  incident  caused  the  damage  cost 
per  landing  to  be  over  $100  for  that  airline's  fleet  for  that 
y ear . 

It  is  also  clear,  as  should  be  expected,  that  delay  and 
cancellation  costs  vary  as  a function  of  aircraft  size,  age 
and  other  fixed  costs.  The  data  base  for  these  costs  is 
inadequate  to  include  this  parameter  in  the  cost- 
effectiveness  study  directly,  but  it  should  not  be  ignored  as 
insignificant.  Delay  and  cancellation  costs  would  appear  to 
exceed  damage  costs  in  certain  tire  failure  incidents. 

g . Accident  and  Incident  Summary 

To  obtain  a clearer  picture  of  the  number  and  type  of 
accidents  and  incidents  that  an  early  warning  of  low 
inflation  pressure  may  have  helped  to  avoid,  a thorough  study 
of  accidents  and  incidents  was  conducted  using  the  ICAO  World 
Accident  Summary,  NTSB  Accident  Report,  and  other  sources. 
Some  of  the  accidents  and  incidents  which  may  have  been 
avoided  with  an  early  warning  cockpit  TPI  system  are 
described  below: 

Incident  - May  1978 


L-1011  during  takeoff  from  Charles  De  Caulle  Airport,  had 
number  8 tire  (4R)  blow-out  at  70  kts.  Takeoff  aborted  at 
110  kts.  Gross  weight  approximately  390,000  lbs.  Three 
other  tires  on  right  gear  blew  before  or  during  abort. 
Extensive  aircraft  damage  resulted  including  ingestion  of 
wheel  and  tire  debris  into  #3  engine.  Uncertain  whether 
failure  was  caused  by  wheel  flange  failure  or  tire  failure. 
Similar  incident  at  Bahrain  several  days  later  involved  front 
two  wheels  on  left  gear.  TPI  system  would  have  provided 
solid  indication  at  70  kts  possibly  earlier  so  that  abort  may 
have  been  initiated  earlier  reducing  damage. 

Incident  - 12  April  1978 

DC-10-30  during  takeoff  from  Reef  runway  at  Honolulu 
International  Airport  at  552,700  lbs.  At  least  one  tire 
reportedly  blew  at  160  kts.  Takeoff  aborted  at  176  kts  IAS, 
9 kts  over  VI.  Tires  3,  4,  5,  6,  7,  8 flat  at  stop  in 
overrun  area.  Investigation  revealed  tire  //4  apparently 


abort  due  to  wheel  debris  from  #3  and  #4  wheels.  Damage  cost 
estimated  to  be  $253,000  plus  some  parts.  This  incident 
could  have  been  avoided  by  a cockpit  TPI  system  which  would 
have  allowed  the  crew  to  stop  before  taking  the  runway. 

Accident  - 1 March  1978 

DC-10-10  at  Los  Angeles  International  Airport  aborted  takeoff 
at  max  gross  weight  of  430,000  lbs  at  VI  due  to  tire 
failures.  Crew  report  bang  at  154  kts.  Aborted  takeoff  on 
wet  runway  and  overran  runway  by  670  feet.  Left  hand  gear 
with  only  one  tire  intact  broke  through  soft  macadam  and 
failed.  Resulting  fire  destroyed  aircraft.  Investigation 
revealed  tires  it  1 and  it 2 failed  initially  with  evidence  of 
overheated  sidewall  above  be’d.  There  is  disagreement  as  to 
which  tire  failed  first.  TPI  system  may  have  provided 
warning  early  in  the  takeoff  roll. 

Incident  - 7 June  1976 

DC-10-30  Kinshasa  during  the  takeoff  run,  about  1,200  m from 
the  runway  threshold,  one  of  the  main  right  landing  gear 
tires  burst.  Shortly  thereafter,  the  second  tire  of  that 
twin  wheel  disintegrated  and  the  aircraft  kept  rolling  on  the 
rims  of  the  front  wheels.  Fragments  of  the  rims  were  thrown 
forward  and  sucked  into  the  right  engine  resulting  in  an 
engine  fire.  When  the  pilot-in-command  saw  the  engine  fire 
warning  light  he  activated  the  fire  extinguisher,  but  to  no 
avail.  He  decided  to  abort  the  takeoff  and  managed  to  stop 
the  aircraft  1,000  m before  the  runway  end.  Evacuation  took 
place  in  an  orderly  manner  by  means  of  the  emergency  chutes 
and  the  airport  fire  fighting  services  efficiently  brought 
the  fire  under  control.  The  engine  was  destroyed  and  the 
airframe  was  seriously  damaged.  Estimated  damage  at  $2.6 
million.  Some  suspicion  that  it 3 tire  failure  may  have  been 
caused  by  taxi  light  and  it 4 tire  failed  due  to  overpressure 
plug  failure.  A TPI  system  may  have  provided  sufficient 
early  warning  to  have  avoided  the  major  engine  damage. 

Accident  - 25  August  1975 

DC-10-10  at  JFK  at  401,000  lbs.  On  takeoff  crew  heard  pop  at 
80  kts,  additional  "pops"  heard  at  145  kts.  Takeoff  aborted 
at  154  kts,  6 kts  over  VI.  Aircraft  overran  runway  by  50 
yards.  All  tires  failed  on  left  gear  two  on  right  gear  flat. 
Extensive  aircraft  damage.  Rough  estimate  of  damage  cost  was 
placed  at  $500,000.  TPI  system  may  have  provided  warning 
before  80  kts  but  should  at  least  have  caused  abort  at  80 
kts. 


Incident  - 2 August  1974 

DC-8  at  LAX.  During  takeoff  the  pilot-in-command  felt  a 
vibration  through  the  aircraft  and  aborted  the  takeoff. 
Subsequently  he  was  advised  by  the  tower  that  there  was  fire 
in  the  area  of  the  left  main  landing  gear.  The  aircraft  was 
brought  to  a stop  on  taxiway  28J  adjacent  to  security  post 
No.  2,  and  the  fire  department.  The  fire  department 
responded  and  extinguished  the  fire  expeditiously.  The  total 
takeoff  run  distance  was  1,450  m (9/10  mi).  Debris,  tire 
rubber  and  wheel  rim  were  found  for  a total  distance  of  1,120 
m (7/10  mi).  Evidence  on  taxiway  J revealed  that  No.  6 tire 
on  the  left  landing  gear  was  flat  prior  to  initiation  of  the 
takeoff  roll.  Evidence  on  the  runway  indicated  that  No.  5 
tire  failed  during  takeoff  run  approximately  145  m (475  ft) 
from  the  displaced  threshold.  Damage  estimated  at  $163,000 
less  cost  of  gear.  TPI  system  could  have  prevented  this 
incident . 

Incident  - October  1974 

B-747  during  takeoff  at  Tokyo  experienced  tire  failures  which 
caused  abort  at  or  near  rotation.  Extensive  aircraft  damage 
resulted.  #11  and  #12  tires  failed  causing  the  abort. 
Investigation  revealed  that  an  excessively  tight  taxi  turn 
may  have  caused  failure  of  wheel.  Load  leveling  system  also 
in  question.  A TPI  system  could  have  detected  wheel  failure 
as  early  as  taxi  turn. 

Accident  - 6 December  1975 

B-747  at  Bombay,  India.  While  aligning  for  takeoff  during 
180°  turn  at  the  beginning  of  Runway  27,  No.  11  tire  blew 
out/  failed.  No.  12  tire  also  blew  out/failed  during  takeoff 
run.  Following  blowing  out  of  tires  on  starboard  body  gear, 
truck  tilted  and  the  wheels  and  brake  assemblies  started 
rubbing  the  runway  surface,  generating  excessive  heat  which, 
coupled  with  hot  brakes  on  9 and  10  wheels  due  to  over- 
loading and  braking  action,  originated  a fire  in  the 
starboard  body  gear  wheels.  Due  to  initial  delay  in  shutting 
down  the  engines  which  hampered  the  effective  fire  fighting, 
coupled  with  certain  amount  of  lack  of  coordination  and 
proper  deployment  of  the  fire  fighting  men  and  equipment,  the 
fire  originally  confined  to  starboard  body  gear  grew  into  a 
conflagration  and  ultimately  destroyed  the  aircraft.  A TPI 
system  would  have  detected  the  failure  at  the  taxi  turn. 

Incident  - 22  June  1973 

DC-9  at  Spokane,  Washington.  At  2156  hours  the  aircraft 
began  takeoff  from  runway  21  at  Spokane,  Washington.  Takeoff 
appeared  normal  until  the  aircraft  had  accelerated  to  131  kt 
about  midfield.  At  this  time  a loud  noise  was  heard  from  the 
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right,  accompanied  by  severe  vibration  of  the  aircraft  and 
fluctuation  of  the  No.  2 engine  EPR's.  The  pilot-in-command 
immediately  called  for  rejected  takeoff,  applied  full  brakes 
and  emergency  power  reverse  thrust,  and  extended  the  wing 
slats.  Vibration  of  the  aircraft  increased  as  it  slowed  down 
but  directional  control  was  not  a problem  and  the  aircraft 
was  brought  to  a stop  60  m (200  ft)  before  the  end  of  the 
runway.  Tower  controllers,  observing  fire  on  the  right  main 
landing  gear  tires  during  takeoff,  dispatched  fire  fighting 
equipment  which  arrived  a few  minutes  after  the  airplane 
halted . 


Tire  marks  and  debris  on  the  runway  showed  that  the  No.  4 
tire  blew  out  at  1,460  m (4,800  ft),  followed  closely  by 
blowout  of  the  No.  3 tire.  Other  marks  showed  blowout  of  the 
No.  1 and  2 tires  at  2,070  m (6,800  ft)  following  solid  skid 
marks  240  m (800  ft)  in  length.  When  the  wheels  were 
disassembled  the  bearings  were  found  well  lubricated  and 
capable  of  normal  operation.  There  was  no  evidence  of  brake 
failure.  Although  the  No.  2 engine  had  ingested  a 
substantial  amount  of  tire  rubber,  it  was  checked  and  found 
capable  of  normal  operation. 

Incident  - 4 January  1974 

B-727  at  Tampa,  Florida.  Tire  on  right  gear  disintegrated 
during  takeoff  roll.  #3  engine  Ingested  pieces  of  rubber. 
Takeoff  was  aborted.  During  abort  a fire  started  in  brakes 
and  wheel  assembly  spreading  to  wheel  well  before  being 
extinguished  (NTSB  4495). 

In  another  tabulation  of  tire/wheel  failure 
incidents/accidents  involving  overruns  and/or  major  aircraft 
damage,  in  6 out  of  9 cases  the  initial  failure  was  not 
immediately  recognized  by  the  crew.  It  is  these  high  damage 
costs,  highly  hazardous  tire  failure  incidents  which  give 
much  of  the  impetus  to  cockpit  tire  pressure  indicating 
systems . 
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I . INTRODUCTION 

Reliability  and  safety  analyses  have  been  performed  to 
compare  eleven  different  design  concepts  for  the  cockpit 
Tire  Pressure  Indicating  (TPI)  Systems.  So  application 
on  different  aircraft  can  be  compared,  results  are  given 
in  Table  B-I  for  each  concept  on  aircraft  with  6,  10,  and 
18  wheels.  Equations  to  calculate  the  five  pertinent  TPI 
system  reliabilty  and  safety  parameters  shown  in  Table  B- 
I are  provided  together  with  an  explanation  of  each  term 
following  the  equation.  Standard  reliability  symbology 
and  nomenclature  are  used.  The  exponential  probability 
density  function  model  (constant  failure  rate  with  time) 
is  used  throughout,  that  is  the  reliability,  R,  of  a 
system  operating  properly  for  a given  period  of  time,  t, 
is  R = e ~ when  \ is  the  failure  rate  for  the  failure 
mode  of  interest  in  failures  per  unit  of  operating  time 
and  t is  the  exposure  to  failure  time  expressed  in  the 
same  time  units.  Conventional  binominal  probability 
mathematics  are  used  to  calculate  joint  and  conditional 
probabilities  of  the  specific  events  of  interest.  The 
symbol  Q is  used  to  designate  the  probability  of  failure, 
thus  Q * I-R. 

In  additiion,  an  important  relationship  between  Mean- 
T ine-Between-Failures  (tlTBF),  and  Mean-T ime-Between- 
Unscheduled  Removals  (MTBUR)  appears  in  the  analysis. 
This  relationship  is  MT B F - (MTBUR)  (K)  (Z),  where  K is 

the  ratio  of  component  operating  time  to  flight  time  and 
Z is  the  ratio  of  component  line  removals  to  subsequently 
verified  failures.  K and  Z result  from  the  fact  that 
certain  equipment  is  often  operated  or  energized  when  the 
aircraft  is  not,  i.e.  at  the  ramp  or  in  maintenance,  and 
often  equipment  is  removed  in  error  due  to  poor 
troubleshooting  and  subsequently  tests  good  on  the  bench. 
\ typical  value  for  the  product  of  the  factors  K and  Z is 
1.5.  This  has  been  used  in  the  analyses  resulting  in  the 
expression  MT B F - 1.5  MTBUR. 

A . Reliability  Study 

To  evaluate  the  reliability  of  the  estimates  of  the 

TPI  system,  estimates  of  the  following  parameters 

were  calculated  for  each  system  concept: 

1.  The  Mean-T ime-Between-Fa ilur es . 


TABLE  B-I 

SUMMARY  OF  RELIABILITY  AND  SAFETY  DATA  AND  CALCULATIONS 


Probability  Per  Departure  for  Each  TPI  System  Concept 


10-Wheel  MTBF 
Aircraft  (Hr) 


Concept 

(System) 


Reliability 


System 

Operating 

Properly 

rtpi 

3** 

0%* 

0.82 

0.99 

0.66 

0.98 

0.60 

0.98 

0.07 

0.91 

0.57 

0.90 

0.46 

0.92 

0.39 

0.90 

0.90 

0.90 

0.26 

0.93 

0.21 

0.93 

0.25 

0.95 

Dispatch 

Delay 

Qd  HO"4) 


System  Not 
Operating 
Properly  With 
Low/Flat  Tire 

%a  Of5) 


3%*  0%* 


Q™  no  n 


♦Percent  of  "never  detected"  failures,  t„„  = 100,000  hours  (Paragraph  IIA) 


TABLE  B-I 


SUMMARY  OF  RELIABILITY  AND  SAFETY  DATA  AND  CALCULATIONS  PER  DEPARTURE 

(Continued) 


Probability  Per  Departure  for  Each  TPI  System  Concept 

Reliability 

Safety 

System 

Operating 

Properly 

rtpi 

Dispatch 

Delay 

Qd  (io‘4) 

System  Not 
Operating 
Properly  with 
Low/Flat  Tire 

Qhaz  O0-5> 

False 

Warning 

Qpw  OO**7) 

6-Wheel 

Ai rcraf t 

MTBF 

(Hr) 

Concept 

(System) 

3%* 

0%* 

3%* 

0%* 

D 

1161 

0.87 

0.99 

3.5 

0.6 

0.05 

0.4 

E 

1085 

0.74 

0.98 

3.7 

1.3 

0.1 

1.5 

F 

907 

0.70 

0.98 

4.2 

1.5 

0.1 

1.8 

G 

855 

0.20 

0.91 

5.6 

3.9 

0.4 

6.8 

H 

4082 

0.62 

0.90 

1.1 

1.8 

0.5 

3.1 

I 

2674 

0.59 

0.92 

2.3 

2.0 

0.4 

1.3 

J 

2841 

0.53 

0.90 

1.9 

2.3 

0.5 

4.4 

K 

1031 

0.21 

0.90 

3.6 

3.8 

0.5 

12.1 

L 

1205 

0.41 

0.93 

4.7 

2.9 

0.03 

3.5 

M 

971 

0.33 

0.93 

5.3 

3.2 

0.3 

mam 

N 

1000 

0.43 

0.95 

5.3 

2.8 

0.2 

4.2 

♦Percent  of  "never  detected"  failures,  tQp  = 100,000  hours  (Paragraph  I xA) . 
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TABLE  B-I 

SUMMARY  OF  RELIABILITY  AND  SAFETY  DATA  AND  CALCULATIONS  PER  DEPARTURE 

(Continued) 


Probability  Per  Departure  for  Each  TPI  System  Concept 

Reliability 

Safety 

System 

Operating 

Properly 

rtpi 

Dispatch 

Delay 

Qd  (10'4) 

System  Not 
Operating 
Properly  With 
Low/Flat  Tire 

Qhaz  <10'5> 

False 

Warning 

"fw  O0‘7> 

18-Wheel 

Aircraft 

MTBF 

(Hr) 

Concept 

(System) 

3%* 

0%* 

3%* 

0%* 

D 

509 

0.74 

0.98 

7.2 

20.9 

0.8 

0.8 

E 

466 

0.51 

0.98 

7.6 

39.3 

1.6 

3.6 

F 

372 

0.44 

0.98 

9.3 

45.0 

1.6 

4.5 

G 

290 

0.01 

0.91 

12.2 

79.5 

BB 

20.1 

H 

2353 

0.48 

0.90 

! .1 

41.8 

8.0 

5.3 

I 

978 

0.27 

0.92 

4.2 

58.6 

6.4 

J 

1025 

0.21 

0.90 

3.6 

63.4 

wm 

12.2 

K 

346 

0.01 

0.90 

9.0 

79.5 

8.0 

36.1 

L 

441 

0.10 

0.93 

9.0 

72.3 

5.6 

9.5 

M 

405 

n 

0.93 

9.6 

73.9 

5.6 

10.3 

N 

BB 

0.09 

0.95 

11.1 

73.1 

4.0 

12.2 

♦Percent  of  "never  detected"  failures,  tQp  = 100,000  hours  (Paragraph  IIA). 


i 


B-4 


hi 


2.  The  probability  of  the  TPI  system  operating 
properly  during  taxi-out  and  takeoff  roll. 

3.  The  probability  of  a dispatch  delay  for  each 
system. 

The  MTBF's  for  each  system  were  estimated  using  the 
failure  rate  data  for  each  of  the  components  in  the 
system  reliability  diagrams  shown  in  Figure  B-l. 
These  data  are  based  on  the  failure  rate  sources 
stated  in  Table  B-II  and  referenced  in  Table  B-III. 
Because  of  the  possible  range  of  variability 
affecting  the  accuracy  of  the  failure  rates,  they 
are  given  to  only  one  significant  figure. 
Engineering  judgement  has  been  used  to  determine 
representative  values,  shown  in  Tablle  B-IV,  of  the 
percent  monitoring  within  each  TPI  system  and  the 
probabilities  of  false  warnings  caused  by  non- 
hardware failure  conditions  because  TPI  monitor 
limits  are  exceeded  or  because  transients  and 
intermit  tents  occur  when  no  low/flat  tire  exists. 

To  determine  the  probability  that  the  TPI  system 
will  work  when  needed,  the  length  of  time  since  the 
hardware  was  last  "known  to  be  good”,  l.e.  was 
checked  to  determine  that  no  undetected  failure 
exists,  must  be  known.  This  is  the  "exposure  to 
failure"  time.  Accordingly,  the  reliability  of 
various  portions  of  the  TPI  systems  will  differ 
depending  upon  the  monitoring  and  the  test/check 
intervals  which  determine  that  the  hardware  has  not 
failed.  For  example,  continuous  monitoring  and 
annunciation  to  the  flight  crew  will  result  in  the 
reliability  of  that  portion  of  the  system  being  a 
function  of  the  length  of  operating  time  under 
consideration,  i.e.  from  power-on  through  takeoff 
roll,  per  flight,  etc.  In  this  study,  these 
failures  are  referred  to  as  detected  failures. 
Failures  that  are  not  detected  when  they  occur  but 
rather  when  a specific  te3t  or  check  is  made  are 
referred  to  as  undetected  failures.  The  undetected 
failures  include  the  hardware  failures  that  are 
discovered  either  during  a Built-In-Test  Equipment 
(BITE)  test  which  is  conducted  when  equipment 
suspected  of  a malfunction  is  removed  from  an 
aircraft,  or  during  an  Acceptance  Test  Procedure 
(ATP)  which  is  conducted  after  failed  equipment  is 
repaired.  The  corresponding  average  exposure  to 
failure  times  for  these  undetected  failures  are  the 
MTBUR  and  '1TBF,  respectively.  One  additional 
category  of  undetected  failures  exists,  that  is, 
failures  that  are  not  detected  by  any  tests  or 
checks.  Such  failures  are  referred  to  as  "never" 


CONCEPT  D - ANALOG  PRESSURE 


TRANSDUCER 
(x  = 90  x 10“6) 


10,  18  or  6 


CPLG  TRANSFORMER 
(X  = 2 x 10-6) 


10,  18  or  6 


ROPROCESSING 
UNIT 

(X  = 300  x 10"6) 


COCKPIT 
DISPLAY  UNIT 

(X  = 10  x 10“6) 


CONCEPT  E - ANALOG  PRESSURE 


PRESSURE 


TRANSDUCER 


90  x 10  u) 


10,  18  or  6 


DATA  PACKAGE 


COMPUTER 


10  x 10  ”) 


10,  18  or  6 


MAGNETIC 


SLIP  RING 


(X  = 2 x 10  u) 


10,  18  or  6 


DATA  REDUCT.  & 


MULTIPLEX  UNIT 


(X  = 300  x 10  w) 


COCKPIT 
DISPLAY  UNIT 

(X  = 10  x 10"6) 


CONCEPT  F - ANALOG  PRESSURE 


CONNECTING  PRESSURE 

TUBING  "I-  BELLOWS 

X = 20  x 10“6)  (X  = 100  x 10"6) 


COCKPIT 

DISPLAY 

MICROPROCESSING 

UNIT 

(X  = 10  x 10“6) 

[X  = 300  x 10"6) 

FIGURE  B-l . TIRE-PRESSURE-INDICATING-SYSTEM  RELIABILITY  DIAGRAMS 


CONCEPT  G - ANALOG  PRESSURE 


COCKPIT 

MONITOR 

(x  = 10  x 10‘6) 


♦Includes  pressure  transducer  axle  slip  rings  and 
interconnecting  tube  to  a differential  valve. 


^Consists  of  inductive  coils, 
illndicator  optional. 

FIGURE  B-l . TIRE-PRESSURE-INDICATING-SYSTEM  RELIABILITY  DIAGRAMS  (CONTINUED) 

B-7 


SIGNAL  PICKUP 
ASSEMBLY 


SYSTEMS 

MONITOR 

*** 

30  x 10'6) 


PRESSURE 

TRANSDUCER 

* c 

(X  = 90  x 10~P) 
10,  18  or  6 


DATA  PROCESSING 
UNIT 

(X  = 30  x 10“6) 


WARNING  LIGHT 
(OR  INDICATOR)** 

I (A  = 10  x 10'6) 


CONCEPT  I - DIFFERENTIAL  VALVE 


ACTUATOR 

ASSEMBLY* 


DIFFERENTIAL 

VALVE 

(x  = 50  x 10~6) 
10,  18  or  6 


ELECTRONIC 

COMPUTER 

(X  = 30  x 10"6) 


PRESSURE 

SWITCH 

(X  = 50  x 10"6) 


TRANSMITTER- 

RECEIVER 

(X  = 2 x 10~6) 


♦Solid  state,  temperature  and  pressure  compensated. 
♦♦Electromechanical  through  a commutator  assembly. 

***Di splays  tire/wheel  condition  with  audio  and  visual  warning 


CONCEPT  H - PRESSURE  SWITCH 


1 


CONCEPT  J - PRESSURE  SWITCH 


PRESSURE 

1 

COUPLING  & 

ELECTRONIC 

SWITCH 

n 

TRANS/REC  COILS 

I" 

CONTROL  UNIT 

(X  = 50  x 10'6) 

i 

(X  = 2 x 10"6) 

1 

(X  = 30  x 10"6) 

10,  18  or  6 


U,  18  or  6 


DISPLAY/WARHING 

UNIT 

(X  = 10  x 10"6) 


CONCEPT  K - PRESSURE  SWITCH 


INDICATOR 

LIGHT 


BRUSH,  SPRING  & 
CONTACT  DISC 


(x  = 10  x 10“6)  (x  = 100  x 10~6) 


10,  18  or  6 


SWITCH 


SETTING  SPRING 


(COMPRESSION) 


(X  = 2 x 10  u) 


10,  18  or  6 


DIAPHRAGM 
(x  = 8 x 10“6) 


10,  18  or  6 


FLEX  HOSE 
(X  = 10  x 10"6) 


10,  18  or  6 


CONCEPT  L - WEIGHT  AND  BALANCE  SYSTEM 


TRANSDUCERS  TRANSFORMERS 

(X  = 120  x 10"6)  (x  = 0.3  x 10~6) 


10,  18  or  6 


installed  on  bogie  beam  or  axle. 


ELECTRONICS 

UNIT 

(X  = 100  x 10~6) 


INDICATION 

UNIT 


(X  = 10  x 10~6)|  J 

FIGURE  B-l.  TIRE-PRESSURE-INDICATING-SYSTEM  RELIABILITY  DIAGRAMS  (CONTINUED) 


CONCEPT  M - WEIGHT  AND  BALANCE  SYSTEM 


CONCEPT  N - WHEEL  SPEED 


♦Exists  on  aircraft. 


FIGURE  B-l . TIRE-PRESSURE-INDICATING-SYSTEM  RELIABILITY  (CONTINUED) 
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ANALOG  PRESSURE  - CONCEPT  D 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(*) 

SOURCE  OF  A* 

NA  ( 1 0-6) 

NA(10'6) 

NA(10'6) 

Pressure 

Transducer 

10/18/6 

90  x 10'6 

RADC, 

Transducers  - Press. 

900 

1,620 

540 

Coupling  Trans/ 
Wheel  Elect. 

10/18/6 

2 x 10'6 

DC-10  Data,  LVDT- 
Flight  Control 

Actuators 

20 

36 

12 

Electronics,  Sw., 

& M/Process  Unit 

1 

300  x 10"6 

DC- 10  Data  - Weight  and 
Balance  Computer 

300 

300 

300 

Cockpit  Display 

Unit 

1 

10  x 10'6 

GIDEP  (FARADA),  Auto- 
pilot Indicator 

10 

10 

10 

TOTAL  FAILURE  RATE:  A = 1,230  1,966  862 

MEAN  TIME  BETWEEN  FAILURES:  MTBF**  * 813  hr  509  hr  1,160  hr 


ANALOG  PRESSURE  - CONCEPT  E 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(A' 

SOURCE  OF  A 

N A ( 1 0— 6 ) 

NA(10'6) 

NA(10'6) 

Pressure 

Transducer 

10/18/6 

90  x 10’6 

RADC, 

Press.  Xdcr. 

900 

1,620 

540 

Data  Package 

10/18/6 

10  x 10‘6 

Estimate 

100 

180 

60 

Magnetic 

Slip  Ring 

10/18/6 

2 x 10’6 

DC-10  Data,  LVDT  - 
Flight  Control 

Actuators 

20 

36 

12 

Multiplex  Unit 

1 

300  x 10'6 

DC-10  Data,  Weight  and 
Balance  Computer 

300 

300 

300 

Display  Unit 

1 

10  x 10'6 

GIDEP  (FARADA),  Auto- 
pilot Indicator 

10 

10 

10 

TOTAL  FAILURE  RATE:  A * 1,330  2.146  922 

MEAN  TIME  BETWEEN  FAILURES:  MTBF  * 752  hr  466  hr  1,085  hr 


v 


♦See  Table  B-III 
♦♦Where  MTBF  * 1/a 


TABLE  B-II.  FAILURE  RATE  DATA  FOR  EACH  TP I SYSTEM  CONCEPT 


ANALOG  PRESSURE  - CONCEPT  F 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(A) 

SOURCE  OF  X 

Schrader  Valve 

10/18/6 

10  x 10*6 

RADC,  Check  Valves, 
Pneumatic  System 

Connecting 

Tubing 

10/18/6 

20  x 10"6 

FARADA,  Cl  I1658S 

Pressure 

Bellows 

10/18/6 

100  x 10*6 

RADC,  Bellows, 

LVDT 

10/18/6 

2 x 10‘6 

DC- 10  Data, 

Flight  Control  Alt. 

Cockpit  Display 

1 

10  x 10'6 

blDEP  (FARADA),  Auto- 
pilot Indicator 

Electronics,  Sw., 

& M/Process  Unit 

1 

300  x 10‘6 

DC- 10  Data  - Weight 
and  Balance  Computer 

TOTAL  FAILURE  RATE:  X = 1,630  2,686  1,102 

MEAN  TIME  BETWEEN  FAILURES:  MTBF  = 614  hr  372  hr  907  hr 


COMPONENT 

QUANTITY 

(N) 

Pressure 

Transducer 

10/18/6 

Signal  Pick-up 
Assembly 

10/18/6 

Systems  Monitor 
& Indicator 

1 

ANALOG  PRESSURE  - CONCEPT  G 


FAILURE  RATE 
(A) 


RADC,  Transducers  - 
Pressure 


RADC,  Slip  Ring 
Assy,  Helicopter 

(200  x 10'6  x 1/2 
for  Aircraft) 


DC-10  Data  - Brake 
Temperature  Monitor 
Computer 


TOTAL  FAILURE  RATE:  X = 
MEAN  TIME  BETWEEN  FAILURES:  MTBF 


10-Wheel 

18-Wheel 

6-Wheel 

Nx(10'6) 

NX(10'6) 

Nx(10'6) 

900 

1,620 

540 

1,000 

1 ,800 

600 

30 

30 

30 

1,930 

3,450 

1,170 

518  hr 

290  hr 

855  hr 

TABLE  B-II  (Continued) 


PRESSURE  SWITCH  - CONCEPT  H 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(A) 

SOURCE  OF  A 

NA(10'6) 

NX ( 1 0— 6 ) 

NX (ID*6) 

Pressure  Switch 

10/18/6 

50  x 10'6 

RAOC, 

Pressure  Switch 

500 

900 

300 

Transfer  Circuit 
(Inductive  Colls) 

10/18/6 

2 x 10*6 

DC-10  Data  - LVDT, 

Flight  Control  Actuators 

20 

36 

12 

Transmitter- 
Receiver  Circuit 

10/18/6 

2 x 10'6 

DC-10  Data  - LVDT. 

Flight  Control  Actuators 

20 

30 

12 

Data  Processing 

Unit 

1 

30  x 10'6 

DC-10  Data  - Brake 
Temperature  Monitor 
Computer 

30 

10 

30 

Warning  Light 
(or  Indicator) 

1 

10  x 10"6 

GIDEP  (FARADA), 

Takeoff  Warning  System 

10 

10 

10 

TOTAL  FAILURE  RATE:  A * 580  1,022  374 

MEAN  TIME  BETWEEN  FAILURES:  HTBF  * 1,724  hr  978  hr  2,674  hr 


I 


DIFFERENTIAL  VALVE  - CONCEPT  I 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 
(A) 

SOURCE  OF  A 

NA ( 1 0~6 ) 

Na ( 1 0-6 ) 

Na ( l o-6 ) 

Actuator  Assembly 

10/18/6 

no  x io'6 

Transducer  - RADC,  Slip 
Ring  - DC- 10  Data 
(LVDT).  Tubing  - 
GIDEP  (FARADA) 

1,100 

1,980 

660 

Differential  Valve 

10/18/6 

50  x 10*6 

RADC, 

Pressure  Switch 

500 

900 

300 

Electronic 

Computer 

1 

30  x 10-6 

DC-10  Data  - Weight  and 
Balance  Computer 

30 

30 

30 

Cockpit  Monitor 

1 

10  x 10*6 

GIDEP  (FARADA) 

Autopilot  Indicator 

10 

10 

10 

TOTAL  FAILURE  RATE:  A 
MEAN  TIME  BETWEEN  FAILURES:  MTBF 


1.640  2,920  1,000 

610  hr  342  hr  1 ,000  hr 


TABLE  B— II  (Contlii  -d) 
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PRESSURE  SWITCH  - CONCEPT  J 

10-Wheel 

— 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 
(X) 

SOURCE  OF  X 

Nx(10'6) 

NX( 1 0-6 ) 

NX(10*6) 

Pressure  Switch 

10/18/6 

50  x 10'6 

RADC,  Pressure  Switch 

500 

900 

300 

Coupling/Trans- 
Receiver  Cod  Is 

10/18/6 

2 x 10'6 

DC-10  Data  - LVDT  Flight 
Control  Actuators 

20 

36 

12 

Electronic 

Control  Unit 

1 

30  x 10'6 

DC-10  Data  - Brake  Tempera- 
ture Monitor  Computer 

30 

30 

30 

Warning  Unit 

1 

10  x 10'6 

GIDEP  (FARADA),  Autopilot 
Indicator 

10 

10 

10 

TOTAL  FAILURE  RATE:  X - 
MEAN  TIME  BETWEEN  FAILURES:  MTBF  = 


560  976  352 

1,786  hr  1,025  hr  2,841  hr 


i 


I 

L.  , . 


PRESSURE  SWITCH  - CONCEPT  K 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

M 

SOURCE  OF  X 

Nx(10"6) 

NX(10"6) 

Nx(10'6) 

Indicator  Light 

1 

10  x 10'6 

GIDEP  (FARADA),  Takeoff 
Warning  System 

10 

10 

10 

8rush,  Spring  & 
Contact  Disk 

10/18/6 

100  x 10'6 

RADC,  Slip  Ring  Assembly, 
Helicopter 

1,000 

1,800 

600 

Thermostat 

10/18/6 

30  x 10‘6 

RADC,  Thermocouple, 

Airborne 

300 

540 

180 

Switch  Assembly 

10/18/6 

10  x 10"6 

Estimate 

100 

180 

60 

Setting  Spring 

10/18/6 

2 x 10‘6 

GIDEP  (FARADA),  Door 
Mechanism 

20 

36 

12 

Diaphragm 

10/18/6 

8 x 10'6 

GIDEP  (FARADA),  Pressure 
Diaphragm 

80 

144 

48 

Flex  Hose 

J 

10/18/6 

10  x 10‘6 

RADC,  Hoses,  General 
Airborne 

100 



180 

60 

TOTAL  FAILURE  RATE:  X 
MEAN  TIME  BETWEEN  FAILURES:  MTBF 


1,610  2,890  970 

621  hr  346  hr  1,031  hr 


TABLE  B-II  (Continued) 
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WEIGHT  AND  BALANCE  - CONCEPT  L 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(X) 

SOURCE  OF  X 

NX(10'6) 

Nx(10’6) 

Nx(10'6) 

Transducers 

10/18/6 

120  x 10'6 

GIDEP  (FARADA),  Force  Wheel 
Sensor 

1,200 

2,160 

720 

Electronics 

Unit 

1 

100  x 10'6 

MIL  HDBK  21 7B  Component  Data 

100 

100 

100 

Indicator  Unit 

1 

10  x 10"6 

GIDEP  (FARADA),  Autopilot 
Indicator 

10 

10 

10 

Current 

Transformers 

10/18/6 

0.3  x 10’6 

MIL  HDBK  217B 

- 

- 

TOTAL  FAILURE  RATE: V * 1,310  2,270  830 

MEAN  TIME  BETWEEN  FAILURES:  MTBF  - 763  hr  441  hr  1,205  hr 


WEIGHT  AND  BALANCE  - CONCEPT  M 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 
(X) 

SOURCE  OF  X 

N x(  1 0-6) 

NX(  1 0-6) 

N\(10‘6) 

Transducers 

10/18/6 

120  x 10*6 

GIDEP  (FARADA).  Force  Wheel 
Sensor 

1,200 

2,160 

720 

Electronics 

Unit 

1 

300  x 10*6 

DC-10  Data  - Weight  and 
Balance  Computer 

300 

300 

300 

Indicator  Unit 

1 

10  x 10‘6 

GIDEP  (FARADA).  Autopilot 
Indicator 

10 

10 

10 

Current 

Transformers 

10/13/6 

0.3  x 10‘6 

MIL  HDBK  21 7B 

- 

- 

- 

TOTAL  FAILURE  RATE:  X « 1,510  2,470  1,030 

MEAN  TIME  BETWEEN  FAILURES:  MTBF  » 662  hr  405  hr  971  hr 

TABLE  B-II  (Continued) 
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1 


t 


TOTAL  FAILURE  RATE:  X 


MEAN  TIME  BETWEEN  FAILURES:  MTBF  * 3,279  hr  2,353  hr  4,082  hr 

(6,452)  (6,452)  (6,452) 


♦Also  used  on  aircraft  for  other  subsystems.  Therefore,  not  charged  against  Tire  Pressure  Indicating 
system  for  causing  delays.  For  probability  of  delay  and  Q-  calculations,  use  values  In  parentheses. 


TABLE  B-Il  (Continued) 


WHEEL  SPEED  - 

CONCEPT  N 

10-Wheel 

18-Wheel 

6-Wheel 

COMPONENT 

QUANTITY 

(N) 

FAILURE  RATE 

(X) 

SOURCE  OF  X 

Nx(10'6) 

Nx(10*6) 

NX(10‘6) 

System  Computer 

1 

150  x 10'6 

DC-10  Data 

150 

150 

150 

Display  and 

Control  Panel 

1 

5 x 10'6 

DC- 10  Data 

5 

5 

5 

Wheel  Speed 
Transducer* 

10/18/6 

VO 

1 

o 

X 

in 

DC-10  Data 

150* 

270* 

90* 

Reliability  Prediction  of  Electronic 
Equipment,  Military  Handbook  217  8, 
Notice  2,  17  March  1978. 


1.  HIL-HDBP 


The  Douglas  Aircraft  Company  Reliability 
Tata  lank  of  airline  reported 
reliability  data. 


2.  DC-10  Data 


C ID  EP  (FARADA)  Reliability-Maintainability  (R-M)  Data 

Summaries  from  the  Cove r nnen t-I n dus t r y 
Data  Exchange  Program,  CIDEP  Operations 
Center,  Corona,  California  updated 
periodically. 


Failure  rates  based  on  engineering 
judgement  of  similar  equipment. 


Estimate 


Nonelectronic  Reliability  Notebook,  Rone 
Air  Development  Center,  RADC-TP.- 7 5- 22  , 
January  1975. 


RADC 


TABLE  B-III.  FAILURE  RATE  DATA  SDUP.CF.  REFERENCES 


1 1 

56.000  5,ooo 


NOTE:  The  following  percent  monitoring  1 DA,  1 U,  t B,  I A and  X N are 
defined  on  :>age  11-20,  and  ».  P.1,  O-j-.j  and  Q|1l(L  are  defined  on  pane 


TABLE  B-1V.  SUMMARY  BY  CONCEPT  OF  FACTORS  AND  TERMS  USED  IN  CALCULATIONS 
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detected  failures  and  could  be  In  the  equipment  for 
a length  of  time  up  to  the  operating  life  of  the 
aircraft,  as  indicated  by  the  graph  in  figure  B-2 
for  top. 

Safety  Study  , 

ft 

Safety  analyses  were  performed  to  estimate: 

1.  The  probability  of  the  system  not  operating 
properly  during  takeoff  when  a low  tire  exists, 
and 

2.  The  probability  of  false  warnings  on  takeoff. 

The  first  situation  could  result  in  a hazardous 
condition  similar  to  that  which  can  occur  today 
operating  without  a TPI  system.  The  second 
situation  could  present  a hazard,  unique  to 
operating  with  a TPl  system,  if  the  false  low  tire 
pressure  warning  occurred  during  takeoff  roll  and 
caused  the  pilot  to  initiate  an  unnecessary  rejected 
takeoff.  The  safety  calculations  use  the  same  data, 
where  applicable,  that  are  used  in  the  reliability 
analyses.  In  addition,  the  safety  calculations 
include  the  probability  of  a low/flat  tire  occurring 
per  departure,  for  6,  10.  and  13  wheel  aircraft. 
The  p rob  lb  ill  ties , given  for  ^ ™ in  paragraph  II-3.1 
below,  are  based  oa  an  extensive  review  of  blown 
main  tire  Incidents  given  in  Appendix  A for  the  time 
period  from  July  1974  through  September  1976  for  the 
DC-10,  L-1011,  3-747,  B-707,  B-727,  B-737,  DC-8,  and 
DC-9  aircraft.  During  this  period  there  were  234 
incidents  that  could  have  been  caused  by  low/flat 
tires  in  1,178,169  departures  for  a 10  wheel 
aircraft,  and  99  and  160  Incidents  in  123,903  and 
3,325,035  departures  for  18  wheel  and  6 wheel 
aircraft,  respectively.  Low/flat  tires  during 
rollout  and  taxi-in  after  flights  are  not  Included 
because  a review  of  the  history  of  tire  problems 
shows  that  taxi-out  and  takeoff  are  the  hazardous 
phases  for  low/flat  tires.  Also,  one-half  of  the 
incidents  due  to  blown  tires  was  considered  to  have 
been  caused  by  low/flat  tires  and  the  other  half  due 
to  other  causes  such  as  thrown  treads. 


The  percent  of  the  total  TPI  system  failure  rate 
that  can  cause  false  warnings,  is  a 3 ° used  in 
the  safety  calculations,  paragraph  I1-B.2  below. 
The  Zj-yyvalues  are  shown  in  Table  IV  and  are  based 
on  engineering  judgements  since  no  data  is  available 
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for  the  portion  of  the  failures  of  each  concept  that 
would  erroneously  annunciate  to  the  flight  crew  a 
low/flat  tire  indication. 

LU.  RELIABILITY  A.V3  SAFETY  CALCULATIONS  (Typical) 

The  equations  used  in  the  reliability  and  safety 
calculations  and  examples  of  the  calculations,  based  on 
the  TPI  system  of  concept  E for  a 10  wheel  aircraft  are 
given  below. 

A.  Reliability  Calculations 

1.  TPI  system  operating  properly  during  taxi-out 
and  takeoff  run. 

The  probability  of  the  TPI  system  operating 
properly  per  departure,  Rmp,,  i.e.  that  it  will 
detect  and  annunciate  a low /flat  tire  to  the 
flight  crew  from  power  on  the  aircraft  through 
taxi-out  and  takeoff  run  is: 

Si  * “da  * "u  (I> 

'./here:  Rqa  = Probability  of  the  parts  of  the 
TPI  system,  whose  failure  is 
detected  and  annunciated  in  the 
cockpit,  working  properly. 

Ry  = Probability  of  the  parts  of  the 
TPI  system,  whose  failure  is  not 
detected  and  annunciated  in  the 
cockpit,  working  properly. 

Considering  the  degree  of  monitoring  and  the 
percent  of  the  hardware  that  is  tested/checked, 
as  shown  in  Table  B-IV,  and  Ry  can  be 

written  as 

RjjA  - e “(XTPI*ZDA)t:EXP 

and 

■V  - . + V'*  + VC0P> 

so  that  R'ppt  can  be  expressed  as 

Bjpj  - e “XTPItZDA,t:EXP  + WfcB  + ZA#tA  + V^P*1  (2) 

Where:  ■ The  total  failure  rate  for  the  TPI 

TPI 

system. 


Z ■ Percent  of  the  total  TPI  system 

^ failure  rate  that  is  detected  and 

annunciated  to  the  flight  crew 
when  the  failure  occurs. 

t • Exposure  time  of  concern  during 
which  the  TPI  system  should  be 
operating  properly,  in  this  case 
from  power  on  through  taxi-out. 

X ■ Percent  of  the  total  TPI  system 

^ failure  rate  that  is  undetected, 

i.e.  due  to  failures  in  the  TPI 
system  that  are  not  detected  and 
annunciated  to  the  flight  crew 
when  these  failures  occur. 

7.  m Percent  of  the  undetected  TPI 

system  failure  rate  that  is 
checked  for  prope r/ improper 

operation  during  a BITE  test  of 
the  TPI  system. 

t_  - Mean-Time-Between-'Jnscheduled- 

Removals  (MTB'JR)  when  a SITE  test 
is  performed  and  any  existing  3 
type  failure  of  the  TPI  system  is 
detected. 

Z . m Percent  of  the  undetected  TPI 

system  failure  rate  that  is 
checked  for  proper / improper 

operation  during  an  Acceptance 

Test  Procedure  (ATP).  This  is  the 
percent  that  is  in  addition  to  %g, 


Mean-Time-Between-Failures  (MTBF) 
when  an  ATP  test  is  performed  and 
any  existing  A type  failure  is 
detected . 


Percent  of  the  undetected  failure 
rate  that  is  never  detected,  i.e. 
undetected  failures  that  are  not 
detected  by  either  BITE  or  ATP 
tests . 


Total  operating  tine  of  TPI 
system,  since  N type  failures 
could  occur  any  time  during  the 
operating  time  of  the  TPI  system 


without  being  detected  or 
Indicated  by  any  tests. 

NOTE:  In  the  equation,  percents  (7.)  are  shown, 

whereas  In  the  calculations  values  are 
expressed  as  decimal  numerics.  All  time 
and  failure  rate  values  are  normalized 
in  hours. 

Thus  the  probability  of  the  TPI  system 
operating  properly  from  power  on  through  taxi- 
out  and  takeoff,  , can  be  determined  from 

Equation  (2)  and  using  the  appropriate  data  in 
Table  B-Il  and  IV.  For  example,  for  TPI 
Concept  E,  would  be,  for  a conservative 

average  exposure  time,  tg^p  , of  20  minutes  from 
TPI  system  power  on  through  taxi  and  the 
takeoff  run: 

-1,330  x 10  6 Jo.95*|jj  + °*03(°*60,500*  + 0.30*750*  + 0,10tQp)J 

—4  x 10  ^ • #• 

“ 0.98  e OP  (per  departure) 

Since  ^pi  varies  with  the  operating  time  of 
the  TPI  system.  Figure  B-2  has  been  prepared  to 
show  the  values  of  R versus  operating  time, 
tQp  , for  Concept  E. 

Thus  the  value  of  .Vi  varies  from  0.98  to  0.65 
for  zero  percent  "never  detected"  undetected 
failures  to  the  worst  case  for  the  last 
departure  in  the  life  of  the  aircraft  of 
100,000  operating  hours,  respectively. 

It  should  be  observed  that  the  value  of  ^pj “ 
0.66  represents  a worst  case  situation  because 
the  "never  detected"  failures  might  actually  be 
discovered,  if  they  occur,  before  100,000 
operating  hours.  This  is  possible  in  the  event 
a low/flat  tire  occurs  and  the  TPI  system  does 
not  annunciate  that  condition.  The  TPI  system 
would  be  'squawked'  and  the  system  checked  to 
determine  why  the  system  did  not  function 
properly.  If  a "never  detected"  failure  was 
the  cause,  the  tests/checks  that  would  be 
performed  would  not  locate  the  failure  and  the 
system  equipment  would  check  'ok'.  However,  if 
another  similar  event  occurred  and  the  TPI 
system  checked  'ok',  the  system  might  be 
subjected  to  a complete  test  of  all  the  parts 
and  the  "never  detected"  failure  discovered. 
However,  the  TPI  system  might  not  be  subjected 

*See  *MTBUR  on  page  B-24. 
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t o a complete  test  until  after  mare  than  three 
or  more  such  events.  Also,  there  Is  a 
probability  that  more  than  one  "never  detected" 
failure  occurred  in  the  system  and  the  complete 
test  of  the  system  stopped  after  one  "never 
detected"  failure  was  found.  The  system  could 
be  repaired  and  placed  back  in  service  with 
another  'never  detected"  failure  still  existing 
in  the  system.  Thus,  although  it  is  likely 
that  a "never  detected"  undetected  failure 
would  be  discovered  before  the  full  100,000 
operating  hours,  it  is  difficult  to  say  when, 
on  the  average,  such  a failure  would  be 
discovered  and  it  is  likely  that  a "never 
detected"  failure  could  exist  in  the  system  for 
a very  long  period  of  time. 

Also,  if  the  system  is  occasionally  called  on 
to  function  due  to  one  or  more  low/flat  tires, 
and  it  functions  properly,  this  constitutes  a 
verification  that  a "never  detected"  failure 
has  not  occurred,  at  least  on  the  affected 
wheel,  and  thus  the  exposure  tine  t^p  for  those 
elements  begins  anew  each  time  they  arc 
successfully  used.  Accordingly,  the  curve  for 
^1  in  Figure  3-2  is  a function  of  this 
unknown  time  and  is  shown  to  the  worst  case 
operating  time  of  100,000  hours. 

2.  Delay  Rate  Caused  by  TPI  System  Failures 

The  probability  of  a delay  caused  by  TPI  system 
failures,  , would  be  per  departure: 


Q . 1 . e -ATPI(J:D  + ZFW)CEXP  + 


QT&I  + QMWL 


(3) 


VIhere : 


X«r.  ■ Percent 
™ failure 


of  the  total  TPI  system 
rate  that  falsely 
annunciates  a low /flat  tire 
warning  in  the  cockpit. 


■ Probability  per 
system  falsely 
low/flat  tire 
cockpit  due  to 
internittents 
failure)  . 


departure  of  TPI 
annunciating  a 
warning  in  the 
transients  and 
( non-h  ar dwa  re 


Q ■ Probability  per  departure  of  TPI 
MWL 


system  falsely 
low. flat  tire 


annunciating  a 
warning  in  the 


m liHaiMtffeiaiiMh  u ** 


ea  *• 
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cockpit  due  to  the  TPI  monitor 
limits  being  exceeded  when  no 
low/flat  tire  exists  (non-hardware 
failure) . 

*MT3UR  ■ 500  hours  is  obtained  by  dividing  the 
MTBF  (750  hours  for  Concept  E from  Table  B-I) 
by  1.5,  as  discribed  in  paragraph  I above.  ref.  p. 

and  the  delay  rate  for  TPI  system  failures, DR_ 
per  10,000  departures  would  be: 

DRTPI  " QD  x 10 * 000 

For  TPI  system  Concept  E the  delay  rate  would 
be,  using  data  from  Tables  B-II  and  IV  and  for 
an  average  exposure  time  of  20  minutes  from  TPI 
system  power  on  through  taxi-out  to  the  runway: 

-1,330  x 10"6  (0.95  + 0.02)  . . 

50,000  5,000 

■ 4.3  x 10  4 + 0.2  x 10  4 + 2 x lO-4  ■ 6.5  x lO-4  per  departure 

and , DRTPI  ■ 6.5  delays  per  10,000  departures 
due  to  TPi  system  failures. 


B . Safety  Calculations 

1.  Hazard  Due  to  a Low/Flat  Tire  and  Lack  of 
Uarning  During  Takeoff 

The  probability  per  departure,  a 

hazard  due  to  a low/flat  tire  anti  lack  of 
warning  during  takeoff  can  be  expressed  as  the 
probability  per  departure  that  the  TPI  system 
will  not  operate  properly  (not  warn)  for  a 
low/flat  tire  during  taxi  and  during  the 
takeoff  run,  Qtpt  , combined  with  the 

probability  that  a low/flat  tire  exists,  Q_  , 
is : 

QHAZ  “ QT  x qtpi 

Where:  Q ■ Probability  per  departure  that  a 

T low/flat  tire  exists  ■ 2.4  x 10"* 
for  a 10  wheel  aircraft.  The 
probabilities  of  a low/flat  tire 
for  18  wheel  and  6 wheel  aircraft 
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are  3.0  x 10  , and  4-3  x 10  “ , 

respect ive ly . 

^TPI  ■ 1 - Kppj  refer  to  relationship 
shown  in  paragraph  I above. 


Tnus 


W " QT  ' (1  - I^pj) 


For  Concept  E (10  wheel  aircraft)  using  values 
in  Tables  R-II  and  IV  and  an  exposure  time.tg^p 
, equal  to  taxi-out  time  plus  takeoff  time  of 
20  minutes  together  with  a probability,  Q , 
that  a low/flat  tire  exists  of  2.4  x 10“^  given 
above,  results  in  values  of 

QHAZ  " 2.4  x 10"4  (1  - 0.98) 

• °-5  x 10'5  or  2007000 

Takeoffs  for  zero  percent  "never 
detected"  undetected  failures  and 


percent  never 
which  is  the 


QHAZ  " 2.4  x 10  ’ (1  - 0*66) 

- 8.2  x 10  5 or  12>195 

Takeoffs  for  3 percent  "never 
detected"  failures  which  is  the 
worst  case  value  for  Q^az  f°r  the 
last  departure  in  the  lifetime  of 
the  aircraft  (100,030  operating 
hours ) . 

Probability  of  a False  Warning  During  Takeoff 

The  probability  per  departure  of  a failure  of 
the  TPI  system  so  that  a false  warning  to  the 
flight  crew  occurs  during  the  critical  portion 
of  the  takeoff  run  is: 


qfw  ’ 1 “ e 


~*TPI  • ZFW  * CT0 


Where:  Z ^ - 


Percent  of  the  total  TPI  system 
failure  rate  that  cause  false 
warnings,  i.e.  erroneously 
annunciates  to  the  flight  crew  a 
low/flat  tire  indication. 


t ■ Critical  takeoff  oerlod  ■ 30 

TO 

seconds. 
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Accordingly,  the  value  of  Qpy  for  Concept  E (10 
wheel  aircraft)  based  on  the  data  in  Tables  B- 
II  and  IV  is: 

0 - 1 - e ”1,33°  X 10  X 0,02  X 3600 

•FW 

- 2.2  * I®'7  <*  A, 543, ASA 
III.  RELIABILITY  AMO  SAFETY  SUMMARY 

The  values  for  Reliability  - an  estimate  of  the 
Mean-Time-Between-Failures  (MTBF) , the  probability 
of  the  TP  I system  operating  properly  during  taxi-out 
and  takeoff  ( R^pj  ),  and  the  probability  of  a 
dispatch  delay  - and  also  the  values  for  Safety  - 
the  probability  of  the  TPI  system  not  operating 
properly  during  takeoff  when  a low/flat  tire  exists 
( ^hAZ  ) » aQd  the  probability  of  a false  warning  on 
takeoff  ( Q-y  ) - are  summarized  in  Table  B-I.  The 

summary  includes  Concepts  E through  N for  10,  6,  and 
18  wheel  aircraft*  Values  of  Rgpx  an<*  ^HAZ  *ce 
shown  for  3 percent  and  for  zero  * percent 
detected"  undetected  failures  so  that  the  magnitude 
of  Improvement  in  reliability  and  safety  can  be  seen 
by  eliminating  all  "never  detected"  failures,  l.e. 
by  assuring  that  all  circuitry/parts  of  the  TPI 
system  ere  tested  during  an  Acceptance  Test 
Procedure  bench  check. 
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